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PREFACE 


The  Electric  and  Hybrid  Research,  Development,  and 
Demonstration  Act  of  1976  (Public  Law  94-413)  required  that  data 
be  developed  characterizing  the  state-of-the-art  of  electric  and 
hybrid  vehicles.  The  Energy  Research  and  Development 
Administration,  which  was  given  the  responsibility  for 
implementing  the  Act,  established  the  Electric  and  Hybrid  Vehicle 
Research,  Development,  and  Demonstration  Project  within  the 
Division  of  Transportation  Energy  Conservation  to  manage  the 
activities  required  by  Public  Law  94-413. 

Specifically,  the  Act  states  that  "Within  12  months  after  the 
date  of  enactment  of  this  Act,  the  Administrator  shall  develop 
data  characterizing  the  present  state-of-the-art  with  respect  to 
electric  and  hybrid  vehicles.  The  data  so  developed  shall  serve 
as  baseline  data  to  be  utilized  in  order  (1)  to  compare 
improvements  in  electric  and  hybrid  vehicle  technologies?  (2)  to 
assist  in  establishing  the  performance  standards  under  subsection 
(b)(1);  and  (3)  to  otherwise  assist  in  carrying  out  the  purposes 
of  this  section". 

The  National  Aeronautics  and  Space  Administration  under  an 
Interagency  Agreement  (Number  EC-77-A-31-1011)  was  requested  by 
ERDA  to  develop  data  in  support  of  the  state-of-the-art 
characterization.  The  Lewis  Research  Center,  which  was  made  the 
responsible  NASA  Center  for  this  project,  was  supported  by  the  Jet 
Propulsion  Laboratory.  In  addition  to  data  developed  by  NASA, 
additional  vehicle  performance  data  were  provided  by  the  U.S.  Army 
Mobility  Equipment  Research  and  Development  Command  (MERADCOM) 
under  a separate  Interagency  Agreement  with  ERDA.  Information  on 
regenerative  braking  was  provided  by  the  Lawrence  Livermore 
Laboratory,  which  is  conducting  a separate  study  on  the  subject  as 
required  by  Public  Law  94-413.  Information  on  the  use  of  electric 
buses  throughout  the  world  was  provided  by  the  Department  of 
Transportation  from  a survey  they  funded  with  support  from  ERDA. 

This  report  presents  the  data  obtained  from  the  electric  and 
hybrid  vehicles  tested,  information  collected  from  users  of 
electric  vehicles,  and  data  and  information  on  electric  and  hybrid 
vehicles  obtained  on  a worldwide  basis  from  manufacturers  and 
available  literature.  The  data  and  information  thus  obtained  have 
been  evaluated  and  compiled  to  present  the  state-of-the-art  of 
electric  and  hybrid  vehicles  at  the  time  of  preparation  of  this 
document • 


This  project  was  conducted  under  the  overall  direction  of  Dr* 
Robert  Kirk  and  Walter  Dippold  of  ER DA.  The  NASA  Project  Manager 
was  Mr*  Harvey  J-  Schwartz  of  the  Lewis  Research  Center*  Mr. 
Thomas  A.  Barber  was  the  Project  Manager  for  those  activities 
performed  by  the  Jet  Propulsion  Laboratory.  This  report  was 
prepared  by  the  Lewis  Research  Center's  Electric  and  Hybrid 
Vehicle  Project  Office  whose  members,  through  their  technical 
skill,  enthusiasm,  and  dedication,  made  it  possible  to  complete 
this  project  within  a demanding  time  schedule.  Special 
recognition  should  be  accorded  to  Mr.  Robert  J.  Denington  who 
managed  the  NASA  Lewis  project  team,  to  Mr.  Miles  0.  Dustin  who 
coordinated  the  vehicle  testing,  and  to  Dr.  Donald  J.  Connollev 
who  directed  the  preparation  of  this  report. 
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EXECUTIVE  SUMMARY 


On  September  17 , 1976,  the  Congress  of  the  United  States, 
recognizing  the  need  for  the  Nation  to  reduce  its  dependence  on 
foreign  sources  of  petroleum,  enacted  Public  Law  94-413,  "The 
Electric  and  Hybrid  Vehicle  Research,  Development  and 
Demonstration  Act  of  1976."  Under  Section  7 of  Public  Law  94-413, 
by  September  17,  1977,  the  Administrator  of  the  Energy  Research 
and  Development  Administration  (ERDA)  is  required  to  develop  data 
characterizing  the  present  state-of-the-art  of  electric  and  hybrid 
vehicles  and  report  the  results  to  Congress. 

To  assist  in  conducting  this  state-of-the-art 
characterization,  ERDA  requested  support  from  the  National 
Aeronautics  and  Space  Administration  (NASA).  Presented  in  this 
report,  prepared  by  NASA,  are  details  of  this  characterization. 

The  approach  and  results  are  summarized  herein. 

APPROACH 

Three  sources  of  data  were  used  in  preparing*  this  report: 

(1)  Controlled' tests  of  a representative  sample  of 
commercially  available  and  experimental  electric  and 
hybrid  vehicles 

(2)  Information  and  data  from  the  literature  and  vehicle 
manufacturers 

(3)  The  experience  of  users,  both  fleet  operators  and 
individual  owners 

Information  was  collected  on  over  one-third  of  an  estimated 
2000  American-built  electric  vehicles  of  all  types  currently 
operating  in  the  United  States  and  Canada.  Detailed  information 
also  was  obtained  on  the  operation  of  44  electric  and  hybrid 
buses.  Additional  data  were  collected  from  the  literature  on 
several  hundred  other  vehicles  in  operation  abroad.  Table  1 
summarizes  the  number  and  types  of  vehicles  on  which  data  were 
obtained  for  this  report  according  to  the  sources  used. 

Vehicle  Tests 

The  purpose  of  this  study  was  to  characterize  the  general 


TABLE  1.  - ELECERIC  AND  HYBRID  VEHICLE  INFORMATION  AND  DATA  SUMMARY 


Source 

Type  of  vehicle 

Number  of 
vehicles 

Vehicle  tests 

Personal  electric  vehicles 

10 

Commercial  electric  vehicles 

12 

Hybrid  vehicles 

2 

* 

Conventional  vehicles 

<=5 

Total 

29 

Information  and 

Personal  electric  vehicles 

66 

data  collection. 

Carmercial  electric  vehicles,  excluding  buses 

40 

Electric  buses 

14 

Hybrid  vehicles,  including  buses 

18 

Total3 

138 

User  experience 

Electric  and  hybrid  buses  (foreign) 

16 

surveys 

Electric  vehicles  (domestic)  . 

11 

Total” 

27 

aInclud2S  foreign  and  dares  tic. 

U 

^Representative  of  about  2000  conmercially  manufactured  vehicles  presently 
operating  in  the  United  States. 
cThcludes  one  vehicle  tested  on  a dynaircmeter  at  NASA  JPL. 


state-of-the-art  of  electric  and  hybrid  vehicles  and  not  to 
present  the  specific  performance  of  particular  vehicles. 

Therefore,  vehicles  were  selected  for  test  and  evaluation  that 
were  judged  to  collectively  represent  the  current 
state-of-the-art.  The  number  of  vehicles  selected  for  testing  was 
limited  by  the  funding  available  within  the  ERDA  budget  for  this 
project,  the  availability  of  vehicles,  and  the  time  available  to 
complete  the  work. 

Test  results  are  presented  for  29  vehicles,  of  which  22  were 
all  electric  vehicles,  2 were  hybrid  vehicles,  and  5 were 
conventional  vehicles.  Six  of  the  electric  vehicles  were 
evaluated  previously  by  NASA  Lewis  in  1975  and  1976  as  part  of 
ERDA’s  ongoing  electric  vehicle  assessment  activities.  The  United 
'States  Army  Mobility  Equipment  Research  and  Development  Command 
(MERADCOM),  under  a separate  Interagency  Agreement  with  ERDA, 
provided  test  data  on  four  of  the  electric  vehicles  tested?  and 
the  Special  Vehicles  Division  of  the  Canadian  Department  of 
Industry,  Trade,  and  Commerce  supplied  test  results  for  one 
electric  vehicle,  which  was  tested  by  the  Land  Engineering  Test 
Establishment  of  the  Canadian  Department  of  National  Defence.  The 
remaining  vehicles  were  acquired  and  tested  by  NASA  from  a 
priority  list  approved  by  ERDA.  In  addition,  five 
spark- ignition-engine-powered  vehicles  were  tested?  these  were  the 
conventional  counterparts  of  five  of  the  vehicles.  Test  vehicles 
are  summarized  in  table  2 by  type  and  origin.  Although  only  a few 
hybrid  vehicles  have  been  built  and  development  efforts  have  been 
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TABLE  2.  - SUMMARY  OF  ELECTRIC  AND  HYBRID  VEHICLES  TESTED 


Electric  vehicles 

Hybrid  vehicles 

Personal 

Commercial 

Personal 

Commercial 

Total  number  tested 

10 

12 

1 

1 

Origin : 

U.S.  manufacture 

9 

7 

1 

0 

Foreign  manufacture 

1 

5 

0 

1 

Designed  and  built  as 

3 

3 

0 

0 

electric  vehicles 
Heat-engine  vehicles 

7 

9 

1 

1 

converted  to  electric 
and  hybrid  vehicles 

minimal,  two  hybrid  vehicles  were  tested  to  provide  some 
preliminary  insight  into  their  characteristics. 

All-electric  vehicle  tests  were  conducted  at  test  tracks  in 
accordance  with  the  ERDA  Electric  and  Hybrid  Vehicle  Test  and 
Evaluation  Procedure,  ERDA-EHV-TEP.  Most  of  the  performance  tests 
in  this  procedure  are  those  contained  in  the  Society  of  Automotive 
Engineers  Electric  Vehicle  Test  Procedure,  SAE  J227a  (Feb.  1976). 
The  SAE  procedure  was  selected  since  it  is  presently  the  only 
recognized  and  widely  accepted  procedure  fo t testing  electric 
vehicles  used  in  the  United  States.  The  tests  include 
measurements  of  range  at  constant  speed,  range  when  operating  over 
prescribed  driving  schedules,  acceleration,  maximum  speed, 
gradeability  (hill  climbing  ability),  and  braking.  The  driving 
schedules  of  interest  for  this  evaluation  were  schedule  B, 
characterized  by  a cruise  speed  of  32  kilometers  per  hour  (20  mph) 
and  representative  of  fixed  route  stop-and-go  operations; . schedule 
C,  characterized  by  a cruising  speed  of  48  kilometers  per  hour  (30 
mph)  and  representative  of  variable  route  stop-and-go  operation; 
and  schedule  D,  characterized  by  a cruise  speed  of  72  kilometers 
per  hour  (45  mph)  and  intended  to  represent  suburban  driving 
patterns. 

Because  the  objective  of  the  tests  was  to  characterize  the 
state-of-the-art  rather  than  to  test  individual  vehicles,  the 
vehicles  tested  are  identified  in  this  report  by  numbers  preceded 
by  the  code  letters  P or  C depending  on  whether  the  vehicle  is 
intended  as  a personal  or  commercial  vehicle.  As  only  two  hybrid 
vehicles  were  tested  and  their  characteristics  are  quite 
dissimilar,  these  vehicles  were  not  coded. 
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Information  and  Data  Collection 

Because. the  number  of  electric  and  hybrid  vehicles  that  could 
be  evaluated  experimentally  was  limited , data  from  the  literature 
and  from  designers  and  manufacturers  were  collected  and  evaluated. 
The  latter  were  solicited  by  means  of  notices  placed  in  the 
Commerce  Business  Daily  and  in  the  Electric  Vehicle  News.  The 
information  obtained  from  these  sources  provided  data  on  138 
vehicles. 

Information  obtained  for  each  vehicle  included  manufacturer, 
dimensions,  weight,  type  and  size  of  battery,  electric  motor, 
controller,  transmission,  hybrid  vehicle  engine  type,  and 
performance.  Much  of  the  performance  data  reported  in  the 
literature  was  not  obtained  from  well  controlled  tests?  but,  in 
combination  with  the  experimental  results  obtained  for  this  study, 
the  data  present  a more  complete  picture  of  the  state-of-the-art. 

User  Experience  Surveys 

Domestic  fleet  operators  and  individual  owners  of  nearly  800 
electric  vehicles  were  surveyed  by  NASA  JPL  to  obtain  user 
experience  information.  Also,  domestic  and  foreign  electric  and 
hybrid  bus  operators  were  interviewed  by  the  Trans  Systems  Corp. 
under  contract  to  the  Department  of  Transportation.  Other  foreign 
experience  was  obtained  from  the  literature  or  from  limited 
personal  contacts.  These  data  not  only  permitted  a comparison  of 
performance  obtained  on  the  test  track  with  that  obtained  in  the 
field,  but  also  provided  information  on  operating  costs, 
maintenance  requirements,  reliability,  and  durability.  User 
experience  is  also  the  only  source  of  information  on  user 
acceptance  of  electric  and  hybrid  vehicles  as  forms  of 
transportation. 

RESULTS' 

Electric  Vehicles  Performance 

Electric  vehicle  performance  differed  greatly  from  one 
manufacturer's  vehicle  to  another.  This  result  was  expected 
because  of  the  great  variety  of  vehicle  chassis,  propulsion 
systems,  and  components  that  are  in  use.  Three  of  the  vehicles 
tested  had  automatic  transmissions,  ten  had  manual  transmissions, 
and  nine  others  had  no  transmissions.  Even  among  well-engineered 
piston-engine  cars,  considerable  performance  variations  exist. 

For  example , according  to  1977  EPA  figures,  the  fuel  economy  of 
one  American  small  car  varies  by  50  percent  depending  on  the 
choice  of  engine  and  transmission. 

Range.  - Range  tests  were  performed  at  several  constant 
speeds  between  40  and  72  kilometers  per  hour  (25  to  45  mph)  and  at 
the  vehicle's  maximum  speed.  For  almost  all  the  vehicles  tested. 
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the  range  decreased  approximately  linearly  with  increasing  speed. 
The  majority  of  the  personal  vehicles  had  ranges  of  42  to  94 
kilometers  (26  to  59  mi)  at  40  kilometers  per  hour  (25  mph).  The 
range  decreased  to  40  to  55  kilometers  (25  to  34  miles)  at  the 
maximum  test  speed  (72  km/h).  The  best  ranges  were  163  to  188 
kilometers  (101  to  117  miles)  at  40  kilometers  per  hour  (25  mph) 
•and  87  to  129  kilometers  (54  to  80  miles)  at  maximum  speed.  Four 
vehicles  were  tested  at  maximum  speeds  of  77  to  89  kilometers  per 
hour  (47  to  55  mph)  and  demonstrated  ranges  of  36  to  87  kilometers 
(22  to  54  miles). 

Ranges  of  56  to  121  kilometers  (35  to  75  miles)  at  40 
kilometers  per  hour  (25  mph)  were  observed  for  most  commercial 
vehicles.  All  but  three  had  ranges  of  44  to  65  kilometers  (27  to 
40  miles)  at  their  maximum  speed.  Two  were  tested  at  speeds 
exceeding  80  kilometers  (50  mph)  and  had  ranges  of  35  and  92 
kilometers  (22  and  57  miles).  The  constant  speed  range  test 
results  and  literature  data  are  summarized  in  figure  1.  All 
constant  speed  range  data  from  the  track  tests  and  from  the 
literature  are  enclosed  within  the  shaded  bounded  region  in  the 
figure.  The  two  lines  plotted  are  linear  least  squares  fits  to 
the  data  of  (1)  the  four  best  performing  (for  range  as  a function 
of  speed)  test  electric  vehicles,  and  (2)  the  rest  of  the  track 
test  vehicles.  During  the  range  tests  over  prescribed  driving 
schedules  it  was  determined  that  only  one  vehicle  tested  could 
accelerate  to  72  kilometers  per  hour  (45  mph)  in  28  seconds  as 
required  for  schedule  D,  the  suburban  driving  cycle.  Seven  of 
nine  personal  vehicles  had  ranges  of  32  to  67  kilometers  (20  to  42 
miles)  on  the  schedule  B test,  while  the  other  two  traveled  117 


Speed,  km/h 


0 25  50  75 

Speed,  mph 

Figure  1.  - Electric  vehicle  range  as  function  of  speed. 
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and  129  kilometers  (73  and  80  miles).  Four  of  five  personal 
vehicles  tested  to  schedule  C covered  32.  to  48  kilometers  (20  to. 
30  miles)  while  the  sixth  had  a range  of  123  kilometers  (77 
miles)'.  Commercial  vehicle  performance  ranged  between  34  and  103 
kilometers  (21  and  64  miles)  on  schedule  B and  33  to  89  kilometers 
(20  to  55  miles)  on  schedule  C.  Tests  were  always  terminated  when 
the  vehicle  could: not  deliver  the  necessary  acceleration.  At  this 
point , the  vehicle  is  still  fully  operable,  but  at  a reduced 
acceleration  .capability,.  It  is  estimated  that  it  could  typically 
travel  10  to  15  percent  further  before  overall  performance  would 
be  seriously  impaired. 

The(track  test  results, were  generally  lower  than  those  found 
in  the  literature.  Where  direct  comparisons  could  be  made  for 
specific  vehicles,  the  constant  speed  range  test  results  were 
approximately. 25  percent  lower  for  most  cases  and  50  to  60  percent 
lower  in  a few.  Part  of  the  difference  can  be  ascribed  to  the 
test  procedure  used,  which  requires  testing  the  vehicle  at  its 
gross  vehicle  weight  and  terminating  the  test  when  any  test 
requirement  could  not  be  met.  This  procedure  therefore  measures 
minimum  range  capability.  Range  values  measured  for  the  urban 
driving  schedule  tests  tend  to  be  greater  than  those  reported  by 
users  of  electric  vehicles.  Detailed  test  results  and  a 
discussion  of  reasons  for  the  differences  can  be  found  in  section 
3.5,1. 

Energy  consumption.  •*-  Energy  consumption  measurements  made  on 
the  test  track. were  lower  than  those  reported  by  users  of  electric 
vehicles.  Figure  2 shows  that  track  data  ranged  from  0.14  to  0.38 
watt  hour  per  kilometer  per  kilogram  (0.10  to  0,28  Wh/mile-lbm) 
when -measured  as  a function  of  vehicle  weight.  Field  experience 
fell  within  the  range  of  0.34  to  0.68  watt  hour  per  kilometer  per 
kilogram  (0,25  to  0.50  Wh/mile-lbm) . In  general,  the  lower 
boundary  of  field  experience  is  set  by  the  performance  of  electric 
buses,  which  have  the  lowest  energy  consumption  of  all  vehicle 
types  in  operation.  Tests  were  conducted  on  four  gasoline  fueled 
vehicles  to  compare  their  energy  consumption  with  that  of  their 
electric  vehicle  counterparts.  When  measured  over  the  same 
electric  vehicle  driving  schedules,  the  energy  consumptions  of 
both  types  of  vehicles  were  essentially  the  same  when  the  energy 
contents  of  the  gasoline  used  by  the  conventional  vehicles  were 
compared  with  those  of  the  fuels  used  to  generate  the  electrical 
energy  used  by  the  electric  vehicles.  Assuming  the  cost  of 
gasoline  is  $0.60  per  gallon  and  that  of  electricity  is  $0.05  per 
kilowatt  hour,  fuel  costs  for  both  types  of  vehicles  were 
approximately  the  same. 
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Figure  2.  - Energy  consumption  - comparison  of  track  tests  and  field 
experienct  for  cars  and  vans. 


Braking . - Regenerative  braking  increased  range,  generally  by 
5 to  15  percent.  In  several  cases,  increases  of  20  to  26  percent 
were  measured  on  the  schedule  C cycle.  The  overall  average 
increase  in  range  measured  was  13  percent.  Some  systems  were  not 
designed  to  function  within  the  test  speeds  used,  and  the 
regenerative  braking  system  therefore  did  not  improve  the 
vehicle's  range. 

Acceleration,  maximur.,  speed,  and  gradeabil ity . - In  general, 
the  acceleration,  maximum  speed , and  grade  climbing  capability  of 
electric  vehicles  were  lower  than  those  conventional  vehicles. 
Table  3 directly  compares  four  conventional  vehicles  with  their 
electric  counterparts. 

While  the  conventional  vehicles  accelerated  from  0 to  40 
kilometers  per  hour  (0  to  30  mph)  in  6 to  10  seconds,  the  electric 
vehicles  required  14  to  34  seconds.  Maximum  speed  for  the 
electrics  ranged  from  56  to  90  kilometers  per  hour  (35  to  56  mph). 
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TABLE  3.  - TRACK  PERFORMftNOE  Km  FOR  03NVENIICNAL  VEHICLES  AND  THEIR 

ELECTRICAL  COUNTERPARTS 


Vehicle 

code 

Ctorwentional 

vehicle 

Electrical 

counterpart 

Conventional 

vehicle 

Electrical 

Counterpart 

Conventional 

vehicle 

Electrical 

counterpart 

Acceleration.  - time  to 
reach  48  km/h  (30  irph) , s 

Maxmari  speed 

Gradeability  - grade  that 

km/h 

mph 

kn/h 

mph 

(25  mph). 

percent 

. P-2 

8 

34 

>129 

>80 

64 

40 

16 

3 

P-7 

7 

17 

• • 

>129 

>80 

90 

56 

19 

6 

, C-2 

6 

23 

>97 

>60 

35 

35 

19 

4 

C-3 

10 

14 

/ •'  >97 

>60 

72 

45 

13 
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the  gasoline-fueled  commercial  vehicles  attain  d speeds  in  excess 
of  97  kilometers  per  hour  (60  mph),  and  the  personal  cars  topped 
129  kilometers  per  hour  (80  mph).  Only  three  electric  vehicles 
tested  were  able  to  meet  or  exceed  the  legal  interstate  highway 
limit  of  88  kilometers  per  hour  (55  mph),  and  eight  vehicles  were 
unable  to  achieve  the  legal  interstate  minimum  speed  of  64 
kilometers  per  hour  (40  mph).  However,  all  but  three  vehicles  met 
or  exceeded  the  normal  urban  (off  freeway)  speed  limit  of  56 
kilometers  per  hour  (35  mph).  Electric  vehicles  can  climb  steep 
grades  at  very  low  speeds,  but  most  of  the  vehicles  tested  have 
difficulty  climbing  more  than  a 5 percent  grade  (the  maximum  grade 
on  an  interstate  highway)  at  40  kilometers  per  hour  (25  mph). 
Clearly  improvements  in  hill  climbing  capabilities  are  required. 
Complete  acceleration,  maximum  speed,  and  gradeability  data  on  all 
vehicles  tested  can  be  found  in  section  3.2. 

"V:  : 

Payload.  - Many  electric  vehicles  have  limited  payload 
capability,  personal  vehicles  frequently  are  designed  for  only 
two  passengers.  Commercial  vehicles  have  more  space  and  weight 
capacity*  The  payloadl  capability  of  the  electric  delivery 
vehicles  tested  ranged  fom  168  to  800  kilograms  (370  to  1770  Ibm) , 
with  most  exceeding  400  kilograms.  Payload  capabilities  to  2000 
kilograms  (4400  lbm)  are  reported  in  the  literature.  Of  the 
vehicles  tested,  three  could  not  carry  their  rated  payloads 
without  exceeding  the  manufacturers  recommended  gross  vehicle 
weight.  Electric  buses  are  capable  of  carrying  the  same  passenger 
loads  as  their  conventional  counterparts,  although  in  some  cases 
exceptions  to  local  ordinances  regulating  axle  loads  have  been 
required. 
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User  Experience 

Appreciable  field  operating  experience  has  been  accumulated  by 
electric  vehicles,  although  they  are  a statistically  insignificant 
portion  of  the  nation’s  transportation  system.  Within  the  United 
States  nearly  1700  automobiles,  450  delivery  vans,  and  13  buses 
are  in  service.  To  date  they  have  traveled  over  5 million  miles. 

Uses.  - Personal  vehicles  are  used  mainly  in  suburban  areas 
for  short  trips  such  as  commuting,  shopping,  and  errands  - with 
daily  use  ordinarily  less  than  20  kilometers  (12  miles). 

Commercial  vehicle  applications  include  postal  delivery,  water 
meter  reading,  and  intrafacility  errands  at  large  laboratory  or 
industrial  complexes.  Buses,  which  are  in  rather  limited  use  in 
the  United  States  at  present,  have  been  operated  mostly  on  short 
collection  and  distribution  routes  in  neighborhoods  and  auto-free 
shopping  areas  where  their  quiet,  nonpolluting  characteristics  are 
particularly  important. 

The  annual  use  of  electric  vehicles  is  low,  ranging  from  4000 
to  5000  kilometers  for  delivery  vans  to  13  000  kilometers  for. 
automobiles,  and  to  53  000  kilometers  for  electric  buses.  This 
compares  with  an  average  annual  use  of  18  000  kilometers  for 
conventional  automobiles  and  50  000  kilometers  for  diesel-powered 
transit  buses. 

With  the  exception  of  a demonstration  program  being  conducted 
by  the  U.S.  Postal  Service  (USPS),  domestic  fleets  are  small. 
Automobiles  usually  are  individually  ov/ned.  Delivery  vans  and 
buses  are  generally  in  fleets  averaging  three  vehicles.  Fleets  in 
the  USPS  program  are  larger,  ranging  from  5 to  93  vehicles  at  a 
single  location. 

Daily  routines  for  the  electric  vehicles  vary  from  repetitive 
performance  of  specific  routes  on  a daily  basis  to  random  and  even 
intermittent  day-to-day  use.  Applications  are  generally 
characterized  by  limited  range  and  low  speed  over  relatively  level 
terrain.  Over  95  percent  of  the  vehicles  surveyed  reported  an 
average  daily  mileage  of  less  than  32  kilomters  (.20  miles) , 
although  some  users  regularly  operated  their  vehicles  for  48  to  64 
kilometers  per  day  (30  to  40  miles/day). 

Range . - Maximum  range  in  the  field  is  determined  by  the  use 
patterns  (speeds,  stops,  local  topography,  etc.)  and  by  the. 
driving  style  of  the  operator,  which  can  account  for  significant 
differences  in  range.  Fleet  operators  derate  the  manufacturer’s 
rated  maximum  range  by  as  much  as  a factor  of  2 in  order  to  assure 
that  a vehicle  can  complete  its  assigned  route.  Cold  weather 
operation  also  can  severely  limit  range  if  the  vehicle  is  allowed 
to  cold  soak.  However,  if  the  vehicle  is  stored  indoors  and  then 
operated  continuously  wi.h  only  short  stops,  1 to  2 hours  maximum, 
weather  has  little  effect. 
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The  majority  of  the  vehicles  in  use  are  recharged  daily, 
generally  overnight-  However,  some  vehicles  are  charged  much  less 
frequently  and  some  are  charged  during  use  as  well  as  overnight. 
Foreign  manufacturers  favor  the  use  of  battery  exchange  systems  to 
increase  the  daily  range  of  commercial  vehicles,  including  buses. 
Reasonably  sophisticated  hardware  has  been  built  to  facilitate 
battery  exchange.  * 

Estimates  of  total  life  cycle  costs  of  electric  vehicles  have 
been  based  on  a limited  number  of  field  tests?  uncertainties 
related  to  battery  and  repair  costs,  however,  lead  to  a range  of 
results  which  are  too  broad  to  be  definitive.  Battery  costs  are 
the  greatest  source  of  difficulty  because  of  their  high  initial 
cost  and  uncertain  life.  Survey  results  indicate  that  battery 
life  for  most  vehicles  has  been  of  the  order  of  250  to  300  cycles. 
Only  one  of  the  vehicles  surveyed,  a USPS  van,  has  been  reported 
as  getting  more  than  1000  cycles  from  a set  of  batteries.  As 
replacement  batteries  for  the  vehicles  surveyed  cost  from  $400  to 
$3500,  the  battery  can  significantly  influence  life  cycle  costs. 
The  initial  cost  of  electric  vehicles  is  about  twice  as  much  as 
their  conventionally  powered  counterparts.  The  major  maintenance 
cost  is  associated  with  the  labor. involved  in  battery  charging  and 
maintenance.  These  costs  can  run  as  low  as  $0.02  per  kilometer  to 
as  much  as  $0.22  per  kilometer,  depending  on  the  battery  design, 
duty  cycle,  fleet  size,  and  efficiency  of  maintenance  procedures. 
Costs  of  electrical  energy  are  roughly  equivalent  to  the  costs  for 
gasoline  or  diesel  fuel  to  operate  conventional  vehicles.  The 
life  cycle  costs  of  electric  vehicles  appear  to  be  relatively 
high,  but  they  are  determined  largely  by  the  lifetime  of  the 
electric  vehicles  and  propulsion  batteries.  The  costs  are 
uncertain  at  this  time. 

Reliability.  - Reliability  and  durability  are  often  cited  as 
factors  offsetting  the  high  initial  costs  of  electric  vehicles. 
User  experience  to  date  shows  lower  vehicle  reliability  for 
electric  vehicles  than  for  conventional  vehicles.  The  nature  of 
the  problems  reported  and  the  experience  with  mature  electric 
vehicles  suggest  that  these  current  problems  would  not  necessarily 
be  representative  of  vehicles  produced  by  a mature  industry.  The 
failure  rates  indicated  by  available  data  on  United  States 
electric  vehicles  are  shown  in  figure  3.  Conventional  vehicles 
normally  experience  about  one  out-of-service  disabilty  per  4800 
kilometers  (3000  miles).  In  contrast,  during  the  track  tests,  one 
disability  every  500  kilometers  (300  miles)  was  common.  Figure  3 
reveals  a similar  pattern,  one  to  two  failures  per  1000  kilometers 
for  the  vehicles  shown.  However,  where  mature,  carefully 
engineered  designs  are  involved,  results  are  comparable  to  or 
better  than  conventional  vehicle  results.  The  Harbilt  vans  used 
by  the  USPS  are  reported  to  have  failure  rates  averaging  one  in 
10  000  kilometers  (6000  miles),  while  the  Volkswagen 
Electrotransporters  used  in  Germany  reportedly  have  failure  rates 
of  four  in  10  000  kilometers.  These  examples  illustrate  the 
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Figure  3.  - Electric  vehicle  reliability. 


potential  for  high  reliability  if  sufficient  development  is 
conducted  before  introducing  a vehicle  into  service. 

Hybrid  Vehicles 

Because  so  few  hybrid  vehicles  have  been  built,  only  two  were 
tested.  A Volkswagen  hybrid  taxi  was  tested  on  a dynamometer  over 
the  Federal  Test  Procedure  for  heat  engine  automobiles  and 
compared  with  a conventional  Volkswagen  Microbus  operating  over 
the  same  procedures.  The  Kordesch  vehicle,  the  second  vehicle 
tested,  is  a series  hybrid  in  which  a small  engine-powered 
alternator  continuously  recharges  the  battery.  Testing  was  done 
at  a track  in  accordance  with  the  electric  vehicle  test  procedures 
to  evaluate  this  hybrid  approach. 

The  Volkswagen  hybrid  taxi  was  operated  in  two  modes: 

(1)  In  the  continuous  run  mode,  the  heat  engine  is  initally 
started  and  operated  at  idle  while  the  vehicle  runs  on  battery 
power.  After  warmup  is  complete,  the  heat  engine  supplies  the 
motive  power  and  the  battery  supplies  the  peak  power.  The  battery 
is  recharged  from  the  heat  engine  during  low  load  periods. 

(2)  In  the  on-off  mode,  the  taxi  runs  on  battery  power  alone 
at  speeds  up  to  42  kilometers  per  hour  (26  mph),  at  which  point 
the  heat  engine  automatically  starts.  The  heat  engine  and  motor 
then  power  the  vehicle  until  the  vehicle  speed  drops  below  32 
kilometers  per  hour  (20  mph)  when  the  engine  shuts  off  and  again 
resumes  the  electric  mode. 
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The  test  results  show  that  the  fuel  economy  of  the  hybrid 
taxi  operating  in  the  continuous  run  mode  is  slightly  lower  than 
that  of  the  conventional  Microbus,  This  may  occur  because  the 
engine  in  the  Microbus  is  the  current  2.0-liter  Volkswagen 
production  engine  and  the  hybrid  taxi  heat  engine  is  an  older 
1.6-liter  engine.  . 

The  on-off  mode  transfers  a substantial  part  of  the  vehicle* s 
energy  requirement  to  the  battery  which  reduces  the  on-board  fuel 
consumption  about  50  percent  by  substituting  0.15  kilowatt  hour  per 
kilometer  (0.25  kWh/mile)  of  electrical  energy  for  gasoline.  In 
the  on-off  mode  the  range  of  the  vehicle  is  limited  by  the  battery 
rather  than  the  fuel  tank  capacity. 

The  Kordesch  hybrid  was  tested  as  an  all-battery  powered 
vehicle  and  at  three  different  alternator  power  settings.  The 
test  results  show  that  a small  on-board  motor-generator  can 
increase  the  range  of  an  electric  vehicle.  At  56  kilometers  per 
hour  (35  mph)  the  range  of  the  Kordesch  hybrid  when  operated  on 
battery  power  only  was  less  than  37  kilometers  (23  miles),  when 
operated  as  a hybrid  at  the  same  conditions,  the  range  was  56 
kilometers  (35  miles).  At  these  conditions  the  on-board  petroleum 
fuel  economy  was  34  kilometers  per  liter  (80  mpg) . This  is 
significantly  lower  than  for  a conventional  car  of  comparable 
size?  however,  at  other  conditions  the  fuel  economy  can  be  worse 
than  that  of  the  conventional  vehicle.  At  all  test  conditions  the 
total  energy  consumed  (from  gasoline  and  electricity)  is 
significantly  greater  than  that  for  a conventional  vehicle. 

No  hybrid  vehicles  are  known  to  be  in  commercial  operation  in 
the  United  States  today.  There  are  a number  of  hybrid  buses  in 
operation  in  Europe  and  Japan  and  a few  vans  in  Japan.  It  is 
reported  that  about  200  buses  have  been  ordered  and  should  be  in 
service  in  Germany  and  Prance  in  1978  to  1980.  No  data  or  details 
are  available  on  the  experience  with  these  hybrids. 

Hybrid  vehicles  generally  have  been  built  as  single  units  for 
experimental  purposes.  Although  several  United  States  companies 
offer  hybrid  vehicles  for  sale,  no  cases  are  known  of  vehicles 
being  sold  on  the  commercial  market.  The  capabilities  of  the 
hybrid  vehicle  still  are  largely  unexplored.  Most  of  the  vehicles 
built  to  date  were  aimed  at  minimizing  emissions  rather  than 
maximizing  fuel  economy.  The  Volkswagen  hybrid  taxi  tests  show 
that  in  an  on-off  mode  a hybrid  can  shift  a significant  amount  of 
a vehicle's  energy  requirement  to  electricity.  The  Kordesch 
hybrid  further  confirms  this  for  some  operating  conditions. 

Further  effort  will  be  required  to  fully  evaluate  the  potential  of 
hybrid  propulsion  systems. 
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Electric  and  Hybrid  Vehicle  Component  Technology 

Wide  variations  in  performance  of  similar  electric  vehicles 
reveal  the  need  for  extensive  propulsion  system  optimization*  The 
series  arrangement  of  electric  vehicle  propulsion  system 
components  requires  optimization  of  all  components  to  achieve 
maximum  system  efficiency  and  performance.  Few  components  have  . 
been  designed  specifically  for  the  unique  requirements  of  electric 
and  hybrid  vehicle.  Designers  have  adapted  whatever  components 
most  closely  fit  their  requirements. 

Separately  excited  DC  motors  are  replacing  series  motors  in 
some  newer  electric  vehicle  drive  systems.  This  permits  using 
smaller  power-switching  components  in  the  controller  and 
simplifies  regenerative  braking/  which  is  almost  universally  used 
in  foreign  vehicles  and  is  gaining  favor  in  U.S.  vehicles.  AC 
drives  are  experimental  and  infrequently  encountered. 

Standard  automotive  transmissions  and  differentials  have  been 
used.  They  were  designed  for  vehicles  having  much  greater  power 
and  speed  capabilities  than  electric  vehicles.  Relatively  little 
attention  has  been  paid  to  achieving  high  efficiency  at  lower 
speeds  where  electric  vehicles  operate.  Virtually  all  vehicles 
which  are  conversions  retain  the  multispeed  transmission  of  the 
original  conventional  vehicle  for  convenience.  These  are  not  well 
matched  to  the  needs  of  electric  vehicles. 

The  lead-acid  battery  is  the  only  one  available  for  electric 
and  hybrid  vehicles  today.  Although  problems  of  unsatisfactory 
life  are  now  being  encountered  in  the  field/  they  appecir  solvable 
based  on  good  experience  with  the  semi- industrial  type  in  one  USPS 
van  and  elsewhere.  Better  charge  control  and  improved  designs  for 
reduced  maintenance  are  required.  Six  advanced  batteries  have 
reached  the  point  in  development  where  at  least  one  test  of  each 
has  been  conducted  in  a vehicle.  Gains  of  50  to  150  percent  in 
vehicle  range  were  reported;  this  verifies  the  promise  of  these 
systems,  if  life  and  low  cost  can  be  achieved  and  technical  and 
application  problems  can  be  solved.  None  of  these  advanced 
batteries  is  expected  to  be  available  in  production  quantities  for 
at  least  several  years. 

Battery  chargers  generally  operate  at  high  efficiency,  but 
the  lack  of  an  accurate  state-of-charge  indicator  prevents  the 
charger  from  shutting  down  at  the  optimum  time.  Most  often  they 
overcharge,  with  the  potential  for  damage  to  the  battery  which 
wastes  energy  and  requires  more  battery  maintenance.  Charger 
reliability  needs  improvement.  During  the  track  test;  program  more 
charger  breakdowns  were  experienced  than  failures  of  any  other 
component. 

Present  tire  designs  are  optimized  for  performance  at  speeds 
well  beyond  the  present  capability  of  electric  vehicles.  Tire 
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energy  efficiency  only  recently  has  become  an  important  design 
consideration.  New  tires , designed  for  low  rolling  resistance  at 
electric  vehicle  speed  ranges,  can  increase  range.  Their  use, 
however , must  be  coupled  with  changes  in  the  suspension  system  to 
preserve  riding  quality. 

Hybrid  vehicles  require  smaller  heat  engines  to  operate  for 
lodger  times  at  near  maximum  power  than  do  the  conventional 
vehicles.  Current  spark-ignition  engines  can  be  adapted  for 
hybrid  use.  A small,  lightweight  diesel  engine  also  may  be  a good 
candidate.  The  gas  turbine  and  Stirling  engines  have  potential, 
but  they  require  much  development. 

A wide  range  of  technology  advancement  opportunities  exist 
for  improving  the  performance  of  electric  and  hybrid  vehicles. 
Predictions  of  range  gains  as  a result  of  component  improvements 
are  difficult  because  of  component  interaction  and  the  lack  of 
relevant  test  data.  Because  performance  over  a driving  cycle  is 
required,  both  steady-estate  and  transient  data  are  needed. 

However,  the  assessment  of  the  presently  available  components 
clearly . indicates  that  substantial  performance  improvements  should 
be  possible  when  components  are  developed  specifically  to  meet  the 
unique  needs  of  electric  and  hybrid  vehicles. 

CONCLUDING  REMARKS 

Data  characterizing  the  state-of-the-art  of  electric  and 
hybrid  vehicles  were  obtained  from  controlled  tests  of  a 
representative  sample  of  vehicles,  from  information  and  data  taken 
from  the  literature,  and  from  surveys  of  users. 

Electric  Vehicles 

Several  thousand  electric  vehicles,  built  by  a wide  variety 
of  manufacturers,  are  in  use  throughout  the  world.  Vehicle 
applications  include  private  passenger  cars,  commercial  delivery 
vans,  and  buses.  The  greatest  use  of  commercial  vehicles  is  in 
England,  where  more  than  40  000  vehicles  are  in  routine  use. 

Based  on  the  results  of  tests  conducted  for  this  report, 
supplemented  by . information  obtained  from  the  aforementioned 
sources,  electric  vehicles  may  be  characterizied  as  follows:  A 

. substantial  number  of  electric  vehicles  have  been  built  by 
converting  conventional  heat  engine  vehicles  to  electric  vehicles. 
A lesser  variety,  but  greater  number,  have  been  built  "from  the 
ground  up",^  All  have  limited  range,  acceleration,  maximum  speed, 
and  hill  climbing  capability  compared  with  conventional  vehicles. 

The  electric  vehicle  industry  in  the  United  States  is  not  a 
mature  industry.  Fewer  than  33  percent  of  the.  manufacturers  in 
business  today  were  building  electric  vehicles  3 years  ago.  Most 
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are  small  organizations  with  little  mass  production  or  marketing 
experience. 

Components  used  in  electric  vehicles  were  usually  designed 
and  built  for  other  purposes.  These  "off-the-shelf”  components 
have  been  used  because  funds  for  research  and  development  were 
usually  not  available. 

Where  appropriate  consideration  has  been  given  to  electric 
vehicle  capabilities  and  these  capabilities  have  been  matched  to  a 
suitable  application,  results  have  been  very  successful.  This  was 
found  to  be  particularly  true  for  the  delivery  vans  in  England, 
the  USPS  vans,  and  many  buses.  Failure  to  understand  that,  m 
some  instances , electric  vehicles  lack  the  range  and  performance 
capabilities  of  conventional  vehicles  has  resulted  in  mismatches 
between  vehicles  and  applications  and  in  user  dissatisfaction. 

A focused  research  and  technology  program  will  produce 
substantial  improvements  in  electric  vehicle  performance,  leading 
to  an  expansion  of  their  mission  applicability.  Higher  capacity, 
longer  life  batteries  are  in  the  early  stages  of  development. 

Such  batteries  will  increase  vehicle  range  and  should  also  reduce 
vehicle  operating  costs.  Improvements  in  performance  of  virtually 
all  drive  train  components  are  required  and  should  be  attainable. 
Improving  vehicle  maximum  speed  and  acceleration  remain 
challenging  problems.  The  present  high  life  cycle  cost  and 
inadequate  reliability  of  electric  vehicles  will  be  improved  as 
the  production  of  new,  improved  vehicles  is  increased. 

Based  on  the  information  presented  in  this  report,  it  is 
apparent  that  electric  vehicles  are  meeting  with  success  in  an 
increasing  number  of  . ^plications.  Improved  vehicles  will  find 
even  broader  applications.  As  their  usage  increases,  the  nation's 
consumption  of  petroleum  will  be  reduced. 

Hybrid  Vehicles 

In  the  hybrid  vehicle,  electric  propulsion  is  combined  with  a 
heat  engine.  In  theory,  this  approach  reduces  on-board  fuel 
consumption  by  substituting  battery  energy  and  at  the  same  time 
extending  the  range  of  an  all-electric  vehicle.  The  very  limited 
amount  of  data  available  in  the  literature  and  from  this  study 
does  not  permit  an  adequate  assessment  of  this  potential.  While  a 
hundred  different  electric  vehicles  have  been  produced  and  several 
thousands  are  in  service,  only  about  20  hybrid  vehicles  have  been 
built  and  operated.  Instead  of  being  designed  to  save  on-board 
petroleum  fuel,  these  few  vehicles  generally  were  designed  to 
reduce  vehicle  emissions. 

A hybrid  vehicle  is  heavier  and  its  initial  cost  is  high 
because  it  requires  a heat  engine  and  an  electric  propulsion 
system.  Buses,  because  of  their  size,  allow  easier  packaging  of  a 


hybrid  system,  and  their  initial  cost  is  less  important  than  the 
initial  cost  of  a personal  vehicle.  Hybrid  buses  have  met  with 
some  success  abroad. 


n 
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1 . 0 INTRODUCTION 


On  September  17 , 1976,  the  Congress  of  the  United  States, 
recognizing  the  need  for  the  Nation  to  reduce  its  dependence  on 
foreign  sources  of  petroleum,  enacted  Public  Law  94-413,  "The 
Electric  and  Hybrid  Vehicle  Research,  Development  and 
Demonstration  Act  of  1976."  The  intent  of  Congress,  as  expressed 
in  the  Act,  is  to  facilitate  through  programs  of  research  and 
development  and  through  demonstrations  the  introduction  and 
acceptance  of  electric  and  hybrid  vehicles  into  the  transportation 
system  of  the  United  States.  The  Act  specifically  directs  "the 
conduct  of  research  and  development  in  areas  related  to  electric 
and  hybrid  vehicles,  including  - 

(1)  energy  storage  technology,  including  batteries  and  their 
potential  for  convenient  recharging? 

(2)  vehicle  control  systems  and  overall  design  for  energy 
conservation,  including  the  use  of  regenerative 
braking? 

(3)  urban  design  and  traffic  management  to  promote  maximum 
transportation-related  energy  conservation  and  minimum 
transportation-related  degradation  of  the  environment? 
and 

(4)  vehicle  design  which  emphasizes  durability,  length  of 
practical  lifetime,  ease  of  repair,  and  interchange- 
ability  and  replaceability  of  parts." 

A companion  effort  to  the  research  and  development  activities 
is  a vehicle  demonstration  project.  Public  Lav?  94-413  authorizes 
that  up  to  7500  vehicles  be  purchased  or  leased  in  two  separate 
procurements  for  the  conduct  of  demonstration  projects.  The 
purpose  of  these  projects  is  to  determine  the  economic  and 
technological  practicality  of  electric  and  hybrid  vehicles  for 
personal  and  commercial  use  in  urban  areas  and  for  agricultural 
and  personal  use  in  rural  areas. 

One  of  the  requirements  of  Section  7,  Demonstrations,  of 
Public  Law  94-413  is  that  the  Administrator  of  ERDA  must  develop 
data  characterizing  the  present  state-of-the-art  of  electric  and 
hybrid  vehicles  within  12  months. 4 The  Electric  and  Hybrid  Vehicle 
Project  Office  within  the  ERDA  Division  of  Transportation  Energy 
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Conservation  has  requested  the  assistance  of  the  National 
Aeronautics  and  Space  Administration  in  developing  these  data. 
Under  Interagency  Agreement  No.  EC-77-A-31-1011  dated  April  2, 
1976,  NASA,  with  the  Lewis  Research  Center  as  the  responsible 
Center  supported  by  the  Jet  Propulsion  Laboratory,  has  undertaken 
the  development  of  the  necessary  data.  Specific  tasks  performed 
include  the  following: 


(1)  The  testing  of  a representative  number  of  electric 

vehicles  and  heat  engine  - electric  hybrid  vehicles  to 
obtain  performance  data 


(2)  The  collection  and  analysis  of  data  and  literature 
information  from  builders  and  users  of  electric  and 
uybrid  vehicles  including  government  agencies,  trade 
associations,  private  industry,  and  individuals  in  the 
United  States  and  abroad 


(3)  The  analysis  of  component  and  propulsion  system 

performance  from  measurements  made  during  some  of  the 
vehicle  tests 


(4)  The  organization  and  synthesis  of  data  and  information 
from  tasks  (1),  (2),  and  (3)  into  a characterization  of 
the  state-of-the-art 


Electric  vehicles  have  been  in  use  since  the  latter  part  of 
the  19th  century.  A car  of  that  vintage  is  shown  in  figure  1-1. 
However,  the  convenience  and  low  operating  cost  of  the  internal 
combustion  engine  eventually  forced  the  electric  vehicle  from  a 
competitive  position  in  the  mass  transportation  market.  It  was 
not  until  the  late  1960's  and  early  1970's  that  problems  created 


by  petroleum  combustion-induced  pollution;  dwindling  petroleum 
resources,  and  high  fuel  costs  led  to  a renewed  interest  in 
electric  vehicles  for  private  and  commercial  transportation.  A 
modern  electric  car  is  shown  in  figure  1-2. 


Figure  1-2.  - Endura  by  Globe-Union,  Inc. 


Numerous  studies  have  been  conducted  in  the  past  several 
years  addressing  the  question  of  replacing  the  internal  combustion 
engine  with  some  type  of  alternative  engine  (refs.  1 to  15).  Most 
of  these  studies  have  dealt  primarily  with  reducing  emissions 
through  the  use  of  other  types  of  heat  engines,  although  some  of 
the  studies  have  attempted  to  assess  the  state-of-the-art  of 
electric  and  hybrid  vehicles  and  their  propulsion  systems.  One 
such  study,  conducted  in  1974  by  the  Aerospace  Corporation  (ref. 

3),  presents  a summary  of  available  informat  ion -on  the 
technological  status  of  electric  and  hybrid  vehicle  power  systems 
as  alternatives  to  the  conventional  internal  combustion  engine. 
Anotner  study  (ref.  15),  conducted  in  1975,  includes  a 
comprehensive  review  of  electric  and  hybrid  vehicle  technology  and 
an  evaluation  of  the  feasibility  and  potential  societal  benefits 
of  replacing  ; he  conventional  internal  combustion  engine  with  one 
or  another  alternative  powerplant  during  the  next  decade. 

Although  several  of  these  studies  contain  excellent  reviews  of 
electric  and  hybrid  vehicle  technology,  Public  Law  94-413  requires 
that  a current  review  be  »iade. 

Presented  in  this  report  are  data  from  vehicle  tests,  results 
of  surveys  of  the  experience  of  users  of  electric  vehicles,  and 
information  from  the  literature  and  vehicle  manufacturers,  all  of 
which  are  presented  t-o  display  significant  performance  and  design 
characteristics  of  the  electric  and  hybrid  vehicles  and  their 
components.  The  report  emphasizes  vehicle  performance, 
reliability,  maintenance,  and  driveability,  but  comfort, 
serviceability,  and  other  characteristics  of  electric  vehicles  are 
also  addressed. 
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Four  other:  ERDA  furled  studies  which  relate  to  this  study 
are:  (1)  an  evaluation  ,by  Purdue  University  of  the  potential 

impact'  of  “a"  demon st rat io'h  program  on  the  future  of  electric  and 
hybrid  vehicles , (2)  a study  by  Lawrence  Livermore  Laboratory  to 
determine  the  effectiveness  and  feasibility  of  regenerative 
braking  systems  on. electric  and  other  automobiles,  (3)  the 
formulation,  by  both  Arthur  D.  Little,  Inc.,  and  the  General 
Research  Corporation  (GRC) , of  standards  and  specifications  for 
the  purchase  of  vehicles,  and  (4)  a safety  evaluation  by  the 
Department  of  Transportation  in  response  to  Section  13(b)  of 
Public  Law  94-413.  Results  of  these  studies  are  expected  to  be 
.published  in  the  fall  of  1977. 

In  this  report  are  presented  highlights  of  the  test  results, 
evaluations,  and  data  analyses.  In  section  2,  DATA  BASE,  are  the 
definitions  of  electric  and  hybrid  vehicles,  brief  discussions  of 
the  related  components,  and  an  identification  of  the  sources  of 
the  data  and  information  presented  in  subsequent  sections  of  the 
report.  Electric  vehicle  track  test  results  are  summarized  and 
compared  with  user  experience  and  literature  data  in  section  3 as 
applicable.  Section  4 contains  data  on  electric  vehicle 
propulsion,  system  components.  In  section  5 the  status  of  hybrid 
vehicle  technology  is  described  and  discussed.  Additional  detail 
on  the  electric  vehicle  tests  presented  in  the  main  body  of  the 
report  is  given  in  appendix  A.  Appendixes  B,  C and  D, 
respectively,  contain  additional  information  on  hybrid  vehicles, 
batteries  and  user  experience. 
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2 . 0 INFORMATION  AND  DATA  BASE 


In  part,  the  objectives  of  the  present  study  were  to  develop 
test  data  and  evaluate  technical  performance  and  to  collect . 
-service . dat a_on.„ex  1st ing  electric  and  hybrid  vehicles.  Satisfying 
these  objectives  required  assembling  a large,  varied  amount  of  ( 
information  from  many  sources*  Discussed  in  this  section  of  the 
report  are  the  sources  of  the  data  obtained.  Prior  to  the 
discussion  of  data  sources  there  is  a brief  description  of 
electric  and  hybrid  vehicle  systems  and  some  comments  on  energy 
considerations  in  ’these  systems.  This  background  material  is 
presented  as  an  aid  to  understanding  the  evaluations  and 
comparisons  of  data  in  the  report. 

2.1  ELECTRIC  AND  HYBRID  VEHICLE  SYSTEMS  DESCRIPTIONS 

The  electric  and  hybrid  vehicles  reviewed  in  this  report  are 
existing  vehicles  which  are  capable  of  being  (or  have  been) 
licensed  for  on-the-road  use.  Because  there  have  been  numerous 
interpretations  of  the  terms  electric  vehicle  and  hybrid  vehicle, 
their  definitions,  as  specified  in  Public  Law  94-413,  are 
presented  herein: 

" ‘Electric  vehicle1  means  a vehicle  which  is  powered  by  an 
electric  motor  drawing  current  from  rechargeable  storage 
batteries,  fuel  cells  or  other  portable  sources  of  electrical 
current,  and  which  may  include  a nonelectrical % source  of  power 
designed  to  charge  batteries  and  components  thereof; 

1 Hybrid  vehicle*  means  a vehicle  propelled  by  a combination 
of  an  electric  motor  and  an  internal  combustion  engine  or  other 
power  source  and  components  thereof." 

Thus,  electric  vehicles,  in  generai,  are  powered  by  batteries 
and  are  driven  by  one  or  more  electric  motors.  Their  propulsion 
systems  normally  consist  of  a battery,  motor  speed  controller, 
motor,  an  interface  between  the  motor  and  wheels  (a  transmission 
and/or  differential),  other  appropriate  controls,  and  a battery 
charger.  A schematic  diagram  of  the  power  train  for  such  an 
electric  vehicle  is  shown  in  figure  2-1 (a) . The  battery  charger 
may: or  may  not  be  located  aboard  the  vehicle*  However,  on-board 
chargers.  that  are  petroleum  based  are  excluded.  Further 
discussions  of  electric  vehicles  and  components  are  given  in 
subsequent  sections  of  this  report. 
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(a)  Electric  powertrain. 


Ob)  Battery  hybrid  power  train. 


Figure  2-L  - Schematics  of  electric  and  hybrid  power  trains. 


For  the  purpose  of  this  study , a hybrid  vehicle  was 
considered  to  be  a vehicle  which  is  fueled  with  two  energy . forms , 
one  of  which  is  a petroleum  fuel  and  the  other  is  electricity  (or 
some  other  nonpetroleum  fuel)  which  substitutes  for  petroleum  in 
providing  the  total  energy  requirement  of  the  vehicle.  With  this 
mode  of  operation , a hybrid  vehicle  offers  the  potential  for 
reducing  petroleum  fuel  use  and  combustion  emissions  compared  with 
a conventional  internal  combustion  engine  powered  vehicle. 
Although  other  types  of  hybrid  vehicles  have  been  built  (such  as 
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heat  engine  - flywheel  systems),  this  report  is  limited  to  a 
discussion  of  hybrid  vehicles  using  a heat  engine  and  a battery, 
This  is  the  only  type  of  hybrid  vehicle  for  which  data  are 
available  that  meets  the  definition  in  Public  Law  94-413. ^ A# 
schematic  diagram  illustrating  a hybrid  vehicle  power  train  is 
shown  in  figure  2-l{b). 

The  major  difference  between  electric  and  hybrid  vehicles  is 
in  the  primary  energy  source  used.  The  electric  vehicle  is  fueled 
entirely  through  electrical  charging  of  its  battery  from  an 
external  source.  Therefore,  its  energy  source  may  be  oil,  coal, 
nuclear,  hydraulic,  or  solar  depend i t on  tae  fuel  used  by  the 
central  station  powerplant  supplying  -he  electricity.  As  a 
result,  the  electric  vehicle  offers  the  opportunity  to  make  a 
major  shift  in  the  transportation  energy  base  from  petroleum  to 
other  fuel  sources. 

The  heat  engine  hybrid  vehicle  substitutes  electricity  for 
some  of  the  fuel  used  by  a conventional  automobile.  Therefore,  it 
provides  a partial  shift  of  the  transportation  energy  base,  the 
extent  of  which  depends  on  the  details  of  the  system. 

When  Public  Law  94-413  was  being  formulated,  Congress 
recognized  the  potential  benefits  of  the  concept  of  regenerative 
braking.  This  technique  is  simply  one  of  recovering  some  of  the 
kinetic  energy  of  the  vehicle  during  braking  and  converting  it  to 
usable  energy  stored  in  a battery,  or  hydraulic  accumulator. ^ The 
Act  specifically  directs  that  a study  be  conducted  to  determine 
the  effectiveness  and  feasibility  of  regenerative  braking.  This 
study  has  been  conducted  by  Lawrence  Livermore  Laboratory  and  the 
results  appear  in  reference  1. 

2.2  SOURCES  OP  VEHICLE  DATA  AND  INFORMATION 

This  study  draws  on  three  major  sources  of  data:  (1)  the 
results  of  track  and  dynamometer  tests  of  electric  and  hybrid 
vehicles,  (2)  information  collected  from  the  users  of  vehicles, 
and  (3)  data  obtained  from  literature,  manufacturers,  and 
independent  designers  and  builders. 

Track  and  dynamometer  tests  were  required  to  provide  data 
which  could  be  used  to  measure  and  compare  vehicle  peformance 
directly  in  a consistent  manner.  The  test  conditions  and  methods 
reported  in  the  literature  for  obtaining  vehicle  data  were  found 
to  vary  widely,  thus  making  it  difficult  to  clearly  define  vehicle 
performance  from  this  source  alone.  In  addition,  little,  if  any, 
data  were  found  in  the  literature  on  propulsion  system  and 
component  performance  that  could  be  used  to  guide  future  research 
and  development  efforts. 
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The  literature  and  field  experience  of  electric  vehicle  users 
expanded  the  information  base  from. just  over  twenty  to  several 
thousand  vehicles.  The  information  provided  an  opportunity  to 
compare  field  performance  with  that  measured  on  a test  track  or  a 
dynamometer.  Also,  it  introduced  information  on  maintenance 
requirements,  reliability,  durability,  and  driver  acceptance, 
which  were  not  obtainable  in  brief  track  tests, 

2,2.1  Vehicle  Tests 

Vehicles  were  tested  in  a series  of  well-defined  and 
controlled  operations  on  test  tracks.  In  general,  the  tests 
included  measurements  pf  range  at  constant  speed  and  over 
prescribed  driving  cycles,  acceleration,  gradeability 
{hill-climbing  ability),  braking,  and  energy  use. 

For  this  study,  track  tests  of  electric  vehicles  were 
conducted  in  accordance  with  a standard  test  procedure,  the 
‘'Energy  Research  and  Development  Administration  Electric  and 
Hybrid  Vehicle  Test  and  Evaluation  Procedure  (ERDA-EHV-TEP) 

One  hybrid  vehicle  was  tested  on  a test  track  and  one  hybrid 
vehicle  was  tested  on  a dynamometer  to  obtain  both  fuel  economy 
and  emissions  data  for  direct  comparison  with  its  internal 
combustion  engine  counterpart.  The  Federal  Test  Procedure  for 
emissions  measurements  was  used  for  this  latter  test. 

In  1977  NASA  tested  for  ERDA  twelve  electric  vehicles  and  one 
hybrid  vehicle  at  test  tracks  and  one  hybrid  vehicle  on  a 
dynamometer  at  the  Jet  Propulsion  Laboratory.  Five  conventional 
spark-engine  vehicles  were  also  tested  for  comparison  with  their 
electric  and  hybrid  counterparts.  The  United  States  Army  Mobility 
Equipment  Research  and  Development  Command  (MERADCOM)  tested  four 
electric  vehicles  for  ERDA  using  the  same  test  procedure  as  NASA. 
The  total  number  of  vehicles  tested  was  limited  by  the  funds 
available  for  this  phase  of  the  study.  Data  from  six  earlier 
vehicle  tests  conducted  by  NASA  for  ERDA  in  1975  and  1976  are  also 
included  in  the  results.  While  these  earlier  testis  were  made  with 
slightly  different  procedures,  the  results  were  still  considered 
useful  for  this  report.  Results  from  tests  by  the  Canadian 
government  of  a Canadian  built  electric  van  are  also  included. 
Although  this  test  was  not  sponsored  by  ERDA,  the  tests  followed 
the  same  test  procedure  as  that  used  by  NASA.  Table  2-1 
summarizes  the  number,  types,  and  origins  of  the  vehicles  tested. 
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TABLE  2-1.  - SUMMARY  OP  ELECTRIC  AND  HYBRID  VEHICLES  TESTED 


Electric  vehicles 

Hybrid  vehicles 

Personal 

Commercial 

Personal 

Commercial 

Total  number  tested 

10 

12 

1 

1 

Origin: 

0 

U.S.  manufacture 

9 

7 

1 

Foreign  manufacture 

1 

5 

0 

1 

Designed  and  built  as 
electric  vehicles 

3 

3 

0 

0 

Heat-engine  vehicles 
converted  to  electric 
and  hybrid  vehicles 

7 

9 

1 

1 

Appendix  A provides  detailed  information  about  the  various 
tests  which  were  conducted  for  this  study.  The  information 
presented  includes  descriptions  of  the  various  test  tracks,  test 
procedures,  instrumentation,  and  the  data  obtained. 

The  United  States  Postal  Service  also  has  tested  electric 
delivery  vehicles  (refs.  2 and  3).  Their  procedures  were 
considerably  different  from  the  ERDA  procedure  used  for  this 
study.  These  data  are  included  in  this  assessment  where 
appropriate.  A few  tests  have  been  conducted  by  other 
organizations.  These  data,  where  available,  are  tabulated  as 
literature  data  and  are  discussed  as  appropriate  in  section  3.4. 

2.2.2  User  Experience 

Surveys  were  conducted  to  obtain  information  and  data  on  the 
operation  of  electric  and  hybrid  vehicles  under  field  conditions. 
The  Department  of  Transportation  (DOT)  and  the  Jet  Propulsion 
Laboratory  (JPL)  each  conducted  surveys.  DOT  surveyed  United 
States  and  foreign  electric  and  hybrid  bus  operations,  while  JPL 
investigated  the  use  of  passenger  cars  and  delivery  vans  in  the 
United  States.  Foreign  cars  and  vans  were  surveyed  primarily 
throuqh  a limited  literature  review.  Most  of  the  information 
obtained  was  on  electric  vehicles  as  only  a few  hybrid  passenger 
cars  built  by  individuals  and  six  hybrid  buses  were  found  to  be  in 
use. 


The  DOT  electric  and  hybrid  bus  survey  covered  nineteen  sites 
in  the  United  States,  the  United  Kingdom,  Germany,  France,  Japan, 
and  Australia.  All  the  sites  surveyed  except  Australia  were 
visited.  During  the  visits  the  operation  of  the  buses  was 
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observed  and  discussed  with  t.he  users.  In  total,  the  survey 
covered  16  different  types  of  buses  and  data  were  obtained  for  a 
total  of  59  buses  that  had  traveled  a total  of  almost  3 million 
kilometers  (1,8  million  miles)  since  1972.  Information  obtained 
included  vehicle  characteristics,  route  descriptions,  costs, 
maintenance,  and  energy  consumption  rates. 

In  the  JPL  survey,  about  30  sites  were  visited  and  mail 
surveys  of  electric  vehicle  users  were  also  conducted. 

Altogether,  data  were  obtained  on  eleven  different  types  of 
commercially  manufactured  vehicles. 

There  have  been  about  3000  electric  vehicles  sold  in  the 
United  States  since  1960,  most  of  which  are  still  in  operation. 

In  addition,  there  are  many  hundreds,  possibly  thousands,  of 
conversions  of  conventional  vehicles  into  electric  vehicles. 

These  have  mainly  been  built  by  individuals  or  small  firms. 
Although  some  data  have  been  obtained  on  these  conversions,  most 
of  the  survey  data  presented  are  for  the  3000  commercially 
manufactured  vehicles. 

In  general,  the  surveys  have  provided  good  data  on  the 
vehicle  characteristics  and  energy  consumption  but  only 
qualitative  information  on  vehicle  reliability,  performance  in 
use,  or  operating  costs. 

2.2.3  Literature  Data 

Additional  data  were  obtained  from  the  literature  and  from 
contacts  with  vehicle  manufacturers,  distributors,  designers,  and 
builders.  Other  information  was  obtained  from  trade  magazines, 
papers  presented  at  topical  meetings,  and  vehicle  surveys 
conducted  for  ERDA.  NASA  also  solicited  data  through 
advertisements  in  Commerce  Business  Daily  and  Electric  vehicle 
News,  Figure  2-2  shows  the  data  request  which  appeared  in  the  May 
1977  issue  of  Electric  Vehicle  News.  A recent  survey  (ref.  4) 
conducted  by  the  Aerospace  Corporation,  under  contract  to  ERDA, 
was  yet  another  source  of  the  literature  data.  Additional 
information  was  obtained  from  two  preliminary  power  train  design 
study  contracts  for  a state-of-the-art  electric  vehicle  conducted 
by  Booz-Allen  and  Hamilton,  Inc.  (ref.  5)  and  Rohr  Industries, 

Inc.  (ref.  6),  both  supported  by  ERDA  through  NASA.  The 
information  obtained  from  all  the  aforementioned  sources  are 
presented  in  section  3.4,  LITERATURE  DATA. 

2.3  SOURCES  OF  COMPONENT  DATA 

The  component  data  that  are  presented  in  section  4 of  this 
report  largely  were  obtained  from  the  Rohr  and  Booz-Allen  and 
Hamilton  study  contracts  (refs.  5 and  6).  These  data  were 
supplemented  by  data  from  several  manufacturers,  chiefly  in  the 
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form  of  catalogue  sheets  anc  technical  literature.  Several  of  the 
electric  vehicles  in  the  current  test  program  were  equipped  with 
additional  instrumentation  to  obtain  component  data.  The  results 
are  reported  where  applicable.  Hybrid  vehicle  component  data  are 
presented  in  section  5 as  part  of  the  overall  hybrid  vehicle 
discussion. 
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Electric  and  Hybrid 
Vehicle  Data 


A Stata-ot-ma-Art  A»»a»sm»ni  of  Haclttc  and  Myti* 

1 Daoatoptnant  A 


conductor  by  wa  E"#'*  Aa-^a»eh  and  Da.atopmani 
Data  '»  ba<ng  conoctad  on  a»  a»aung  afactnc  and 

and  aioorimoniai  PfyHcai  dascnpnons  of  vafwcias  and  ma*  P»opwi- 
•y  statu*.  and  van-do  pa»fo»manca  data  at*  ba<ng  aougw  JAOA  .*  oo*tg 
ortad  by  m*  Mabonai  Aaronauhc*  and  Spaca  Adnww.l-aton  n'tn  NASA  * 
a Rataarcn  Cantor  as  «na  rasponsiWa  cantor  as».»«ad  by  ma  m wopm- 


scr>aortad 
Loons  Rasaa»ch  Cantor 
Sion  laboratory 


AuOhc  LM  *4-413  **•  l wet'*  and  rtybrH  flaxen  Da 
.aMptnani  and  Oamonsaanon  Act  m »*3*  dafad  S ■*<•"«•' 
13.  1*3* 


« IM  Act  M Adnwaswalo*  (at  l "0*i  MaN  d*r*iop 
c*aracta>'i<ng  ma  p»asam  Hanot  in. 
tr<  and  Hybrid  .oioctas  m*  data  »a  t 


Ml 


14. 


n»ng  m.  partonnanca 


aon  tbi  Ml.  and  (31  la  oO^-^a  astrst  - catty**  oat  *«a  *at 

poaas  of  t*»  sacbon  * 

MMaM*<Ma'«Mi>iiai tw*  •«*  4 to  «td»4  at  t .«nt»»a.  o. 


I brotact  On*. 


>-*i« 


liactt*  and  Hy*n4 
21000  Ptookaatti  Aoad 
CWMtand  OH  4413* 

Data  mould  taaca  -:*4A  ay  i.ma  13  i*3» 

■anal  mtatwaaar  ca>  itiOi  433  4000  a*at«*n  or** 


Figure  2-2  - Advertisement  that  appeared  in  May  1977  issue  of  the 
"Electric  Vehicle  News." 
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3 . 0  ELECTRIC  VEHICLES 


Information  and  data  on  electric  vehicles  were  obtained  from 
three  sources;  (1)  vehicle  tests  conducted  in  a consistent 
manner,  (2)  surveys  of  the  owners  and  operators  of  electric 
vehicles  currently  in  private  or  commercial  use,  and  (3) 
literature  from  vehicle  manufacturers  and  individual  designers  and 
builders.  This  material  is  presented  in  sections  3.2,  3.3,  and 
3.4,  respectively.  Section  3.1  gives  the  theoretical  background. 
The  information  and  data  presented  in  these  sections  (3.1  to  3.4) 
are  summarized  in  section  3.5. 

3.1  THEORETICAL  BACKGROUND 

Some  theoretical  relationships  have  been  developed  to  describe 
electric  vehicle  performance  in  terms  of  range,  speed , maximum 
speed,  acceleration,  gradeability , and  energy  consumption  (see, 
e.g.,  ref.  1).  A detailed  discussion  of  these  theoretical 
relationships  is  beyond  the  scope  of  this  report. . However,  it  is 
useful  to  present  the  basic  functional  relationships  as  an  aid  to 
interpreting  and  understanding  the  test  data  presented  in  section 
3.2. 


3.1.1  Range 

The  electric  vehicle  range  at  constant  speed  is  given  by  (ref. 

-1/b 

(3-1) 


R range,  km 

V speed,  m/s  , 

E^  specific  battery  energy  density  for  1-hour  discharge,  Wh/kg  of 

battery  weight 
f battery  fraction,  Mb/Mv 
n D driveline  efficiency 

tire  friction  coefficient,  N/kg  of  vehicle  weight 
C2  driveline  viscous  friction  coefficient,  N-s/m-kg  of  vehicle 
weight 

C3  0.5  PCDA 


— / 


R = 3.6V 


ElfT1D 


where 


u3  2 

C.  + C0V  + 7jr  V* 
1 2 ' 
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P atmospheric  density,  kg/m3,  1.225  at  sea  level 
cD  aerodynamic  drag  coefficient , dimensionless 
A vehicle  frontal  area,  m2 
mg  battery  mass,  kg 
My  vehicle  mass,  kg 

b coefficient  relating  average  battery  specific  power  density  to 
discharge  time 
3.6  conversion  factor 


The  subscripts  B and  v refer  to  the  battery  and  vehicle, 
respectively.  For  the  batteries  used  in  the  electric  vehicle 

sect*on  3.2 , a representative  value  of  b is 
-0.713?  therefore,  ~l/b  ~ 1.4. 


• The  dri.veline  losses  may  be  taken  to  represent  the  total  of 

?iL==S®eS^etWee!}  battery  the  wheels.  This  would  include 
i??®?1 J" n controiler,  motor,  and  gear  train  (transmission, 

•affcfJSdifferei?tlal/  axlesr  and  wheel  bearings)  . with  this 
^ driveline  efficiency,  C2  in  equation  (3-1)  becomes 

zero  since  the  portion  of  the  driveline  viscous  losses  represented 
ny  is  included  in  the  driveline  efficiency  rin.  This 

ha?  the  advantage  of  simplifying  the  interpretation  of 
thl  f?sulJs  and  avoids  the  problem  of  assigning  a portion  of 
the  driveline  losses  to  the  viscous  loss  coefficient  Co.  The 
resulting  loss  term . + C^V^/My  may  be  interpreted  as  the 

a?°ele^?tJ?n  Ra  due  t0  tire  friction  and  aerodynamic 
drag*  Equation  (3-1)  may  then  be  written  as 


(3-2) 


Some  observations  regarding  equation  (3-2)  are  as  follows: 

(1)  Range  is  proportional  to  the  energy  delivered  to  the 
wheels  (ExfriD/WhAg) . 


(2)  Range  is  inversely  proportional  to  the  resistive 
acceleration  (Ra,  N/kg),  which  is  the  sum  of  the  tire  friction 
(Cx)  and  the  aerodynamic  drag  (C3v2/My). 

(3)  For  the  variety  of  vehicles  tested,  the  range  at  any  given 
rathL^it^ExfOD/^3 4  ^ C°rrelate  with  any  sin9le  Parameter  but 


(4)  The  rate  at  which  range  decreases  aa  a function  of  speed 
depends  on  the  relative  behavior  of  driveline  efficiency  and 
resistive  acceleration  with  speed.  For  example,  a vehicle  with  a 
high  aerodynamic  drag  (CqA)  and  a driveline  whose  efficiency  (rin) 

increases  relatively  little  with  speed  would  be  expected  to  show  a 
relatively  fast  degradation  of  range  with  speed. 


100 


Figure  3-1.  - Range  as  function  of  speed  for  three  hypothetical  vehicles.  Energy  to  wheels,  Ejf.  6.6  watt-hours 
per  kilogram. 


A plot  of  range  as  a function  of  speed  is  shown  in  figure  3-1 
for  three  drag  (CDA)  and  driveline  efficiency  (hD)  assumptions  to 
illustrate  the  sensitivity  of  range  degradation  with  increased 
speed  to  these  parameters.  For  this  illustration,  the  specific 
battery  energy  density  multiplied  by  the  battery  fraction  Eil 
equals  6.6  watt  hours  per  kilogram.  At  a vehicle  speed  of  40 
kilometers  per  hour,  vehicles  a and  b in  figure  3-1  have  the  same 
ratio  of  driveline  efficiency  to  resistive  acceleration  (h  p/Ra  = 
3.03  kg/N);  hence,  they  achieve  the  same  range.  However,  it  is 
assumed  for  this  illustration  that  vehicle  b has  a higher 
aerodynamic  drag  coefficient  (CpA)  than  vehicle  a.  Thus,  as  speed 
is  increased,  the  aerodynamic  drag  will  increase  faster  for 
vehicle  b than  for  vehicle  a.  The  driveline  efficiency  of  both 
vehicles  also  increases  with  speed.  The  curves  of  figure  3-1 ^ 
depict  a situation  where  as  speed  is  increased,  the  aerodynamic 
drag  of  vehicle  b increases  at  a faster  rate  relative  to  the 
improving  driveline  efficiency  than  does  that  of  vehicle  a?  thus, 
vehicle  b exhibits  a faster  range  degradation  with  speed.  At  72 
kilometers  per  hour  the  ratio  hp/Ra  equals  2.73  for  vehicle  a 
and  2.42  for  vehicle  b.  Vehicle  c illustrates  a vehicle  with  a 
lower  driveline  efficiency  than  vehicles  a and  b,  but  the  behavior 
of  vehicle  c*s  drag  losses  relative  to  driveline  efficiency  as 
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speed  increased  is  similar  to  that  of  vehicle  a.  For  vehicle  c, 
the  ratio  no/%  equals  2.27  at  40  kilometers  per  hour  and  2.12 
at  72  kilometers  per  hour. 

In  the  case  of  a driving  schedule',  the  computation  of  range  is 
more  complicated  than  for  the  constant-speed  case.  For  each  cycle 
of  a specific  driving  schedule,  the  vehicle  is  required  to 
accelerate  to  some  speed,  cruise  at  that  speed  for  a period  of 
time/  coast  for  a short  time,  brake  to  a stop,  and  remain  idle  for 
a given  period  of  time  before  starting  the  next  cycle  (see  section 
3.2*1. 1),  Because  of  these  complications,  the  equation  for  range 
over  a driving  schedule  cannot  be  solved  explicitly  as  in  the 
constant-speed  case.  Instead,  the  solution  must  be  found  through 
numerical  integration  over  one  complete  driving  cycle  to  determine 
the'  cycle  range  and  the  fraction  of  the  battery  "used  up"  in  one 
cycle.  Now,  however,  consider  the  fact  that  range  for  a given 
driving  cycle  will  depend  primarily  on  the  acceleration  and 
constant-speed  phases  and  that  the  constant-speed  phase  is 
characteristic  of  the  specific  schedule  being ' considered.  It  is 
concluded  that  the  range  for  a given  driving  schedule  would  depend 
on  the  same  factors  as  in  the  constant-speed  case.  Thus,  it  may 
be  expected  that  the  test  ranges  over  a given  driving  schedule 
would  tend  to  correlate  with  (Eifho/Ra)  where  the  factors  no  and 
% are  evaluated  at  the  maximum  speed  during  the  schedule  cycle 
(i.e.,  32.2  km/h  (20  mph)  for  driving  schedule  B and  48.3  km/h  (30 
mph)  for  driving  schedule  C) . This  correlation  is  evident  in 
section  3.2  where  schedule  range  is  plotted  against  this 
parameter.. 

3,1.2  Energy  Consumption 

The  energy  consumption  (kWh/km)  at  constant  speed  may  be 
expressed  as 

Energy  consumption  = 36^(^^)  <3~3> 

Where  nB  is  the  battery  efficiency  and  Bn  the  charger 
efficiency. 

The  term  in  parentheses  is  equivalent  to  the  power  required  at  the 
wheels  to  drive  the  vehicle  at  a speed  V divided  by  the 
vehicle's  overall  energy  throughput  efficiency  from  the  wall  plug 
to  the  wheels  nghchD* 

For  the  variety  of  vehicles  tested  the  energy  consumption  at 
any  given  constant  speed  would  not  be  expected  to  correlate  with 
any  single  parameter  but  the  MvVRa/nBncriD.  The  battery  and 
changer  efficiencies  were  not  determined  during  vehicle  testing, 
but /they  would  not  be  expected  to  vary  as  greatly  between  vehicles 
as  do  the  other  factors.  For  this  reason,  even  in  the  absence  of 
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precise  knowledge  of  t]B  and  energy  consumption  would  be 
expected  to  correlate  reasonably  well  with  MvVRa/nD,  the  power 
required  from  the  battery  to  drive  the  vehicle  at  a speed  V on  a 
level  surface. 

The  way  in  which  energy  consumption  varies  with  speed  depends 
primarily  on  the  relative  behavior  of  and  Ra  as  speed  is 

changed.  Since  and  Ra  will/  in  general,  increase  at ^ 

different  rates  as  speed  is  increased,  energy  consumption  will 
tend  to  be  a minimum  at  some  speed.  For  example,  a vehicle  with  a 
high  aerodynamic  drag  (CDA)  and  a driveline  whose  efficiency^ 
increases  relatively  little  with  speed  will  tend  to  have  a minimum 
energy  consumption  at  relatively  low  speeds.  Vehicles  with  lower 
drag  and  better  driveline  efficiency  will  tend  to  show  minimums  in 
energy  consumption  at  higher  speeds. 

To  illustrate  this  point,  energy  consumption  as  a function  of 
vehicle  speed  for  three  hypothetical  vehicles  is  shown  in  figure 
3-2.  Vehicle  d has  a relatively  high  aerodynamic  drag  coefficient 
so  that  drag  tends  to  increase  faster  than  driveline  efficiency  as 
speed  is  increased  and  the  minimum  energy  consumption  occurs  below 
40  kilometers  per  hour  (25  mph).  Vehicles  e and  f illustrate 
cases  having  progressively  lower  drag  coefficients.  Vehicle  f is 
one  whose  driveline  efficiency  is  improving  rapiliy  with  speed; 
thus,  the  minimum  energy  consumption  occurs  at  a higher  vehicle 
speed,  after  which  aerodynamic  drag  begins  to  predominate.  As 
shown  in  section  3.2,  the  vehicles  tested  exhibited  a range  of 
energy  consumption  behavior  similar  to  the  hypothetical  cases 
shown  in  figure  3-2, 


Figure  3-2.  - Energy  consumption  as  function  of  vehicle  speed  for  three  hypothetical  vehicles.  Vehicle  mass. 
2000  kilograms;  TjgijQ  = 0.7. 
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The  energy  consumption  for  specific  driving  schedules  cannot 
generally  be  determined  explicitly.  However,  using  reasoning 
analogous  to  that  used  for  the  range  over  a driving  schedule 
(section  3.1.1),  it  may  be  expected  that  energy  consumption  would 
be  functionally  similar  to  that  of  the  constant  speed  case.  In 
other  words,  the  energy  consumption  for  specific  driving  schedules 
should  correlate  reasonable  well  with  MyVRa/r> p where,  as  in  the 
driving  schedule  range  case,  the  factors  hd  and  Ra  are 
evaluated  at  the  maximum  speed  during  the  schedule  cycle.  Here 
again,  this  correlation:  is  evident  in  section  3.2  where  energy 
consumption  for  specific  driving  schedules  is  plotted  against  this 
parameter. 

3*1.3-  Acceleration  and  Gradeability 

The  acceleration  of  an  electric  vehicle  on  a level  surface 
with  no  wind  may  be  expressed  as 


Acceleration 


PDfT1D 

V 


(3-4) 


where  P’D  is  the  average  specific  power  density  (W/kg)  provided 
by  the  battery  during  the  acceleration  period.  This  is  not  the 
maximum  power  density  of  the  battery  because  limitations  are 
typically  imposed  by  the  controller  on  the  rate  that  current  may 
be  drawn  from  the  battery.  The  factors  PD,  Hp/  Vr  an(^  Ra  all 
change  nonl inear ly  with  time  and  distance  as  the  vehicle 
accelerates?  this  makes  it  difficult  to  determine  acceleration 
capability  without  numerical  integration. 


Gradeability  is  defined  as  the  percent  grade  that  a vehicle 
can  climb  at  a constant  speed.  If  the  angle  of  the  grade  is  0, 
the  grade  negotiable  by  an  electric  vehicle  at  some  constant  speed 
V may  be  expressed  as 


sin  0 


(3-5) 


where  g,  gravitational  acceleration,  equals  9.8  meters  per  square 
second.  The  percent  grade  is  approximately  equal  to  100  sin  0 . 


Thus,  gradeability  at  any  constant  speed  can  be  computed  from 
the  measured  acceleration  at  that  same  speed  on  a level  surface, 
whigh  is  how  gradeability  at  speeds  (except  near  zero)  was 
determined  in  this  study.  At  speeds  approaching  zero,  the 
gradeability  will  be  maximum  and  can  be  computed  from  the  maximum 
tractive  force  of  the  vehicle  measured  at  speeds  approaching  zero 
(about  1 km/h)?  that  is, 


(Percent  gradeability) max 


100  Maximum  tractive  force 
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Also,  note  that 


Tractive  force  = 


D 


Tractive  force  tests  were  made  in  this  study  and  the  results  were 
used  to  compute  the  maximum  gradeability. 

3.2  ELECTRIC  VEHICLE  TRACK  TESTS 

As  a part  of  this  study  NASA  conducted  a track  test  program 
to  obtain  performance  data  on  12  electric  vehicles.  In  addition, 
the  U.S.  Army's  Mobility  Research  and  Development  Command 
(MERADCOM)  track-tested  four  electric  vehicles.  NASA  also 
conducted  track  tests  on  four  conventional  internal  combustion 
engine  vehicles  (identical  wherever  possible  to  their  electric 
vehicle  counterparts)  and  one  hybrid  vehicle.  The  number  of 
vehicles  tested  for  this  study  was  limited  by  the  time  available 
to  conduct  the  track  tests,  the  availability  of  vehicles,  and  the 
funding  limitations.  Thus,  in  order  to  present  the  maximum  amount 
of  performance  test  data  available,  test  results  from  six  electric 
vehicles  tested  by  NASA  in  1975  and  1976  and  one  electric  vehicle 
tested  by  the  Canadian  Department  of  National  Defence  were 
included. 

In  this  section,  electric  vehicle  performance  data  are 
presented  for  the  following;  range,  energy  consumption, 
regenerative  braking,  acceleration,  gradeability,  maximum  speed, 
payload,  braking,  and  driveability.  Additional  data  are  also 
presented  on  electric  vehicle  reliability,  operating 
characteristics,  and  safety.  Wherever  possible,  comparisons  are 
made  between  the  theory  presented  in  section  3.1  and  the  test 
results.  The  test  results  obtained  for  four  conventional  vehicles 
are  presented  in  appendix  A and  are  compared  with  their  electric 
vehicle  counterparts  in  section  3.5.  The  hybrid  vehicle  test 
results  are  presented  and  discussed  in  section  5.0.  Details  of 
the  test  procedures  used,  vehicle  characteristics,  and  test  data 
are  presented  in  appendix  A.  A summary  discussion  of  the  test 
methods,  test  vehicles,  and  test  results  follows. 

3.2.1  Tests  Methods 


3. 2. 1.1  Test  procedure.  - The  vehicles  discussed  in  this 
section  were  tested  in  accordance  with  the  ERDA  Electric  and 
Hybrid  Vehicle  Test  and  Evaluation  Procedure  ( ERDA-EHV-TEP) • The 
procedure  is  similar  to  the  SAE  J227a  Electric  Vehicle  Test 
Procedure  with  the  addition  of  braking  tests,  further 
instrumentation  requirements,  test  set-up  procedures,,  and  other 
modifications  to  improve  testing  consistency  and  to  decrease  the 
length  of  time  required  to  test  a single  vehicle. 
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The  tests  conducted  provided  the  following  data: 

(1)  The  range  at  constant  speed  was  measured  at  two  to  four 
different  test  speeds.  The  specific  test  speeds  were  based  on  the 
measured  maximum  speed  of  the  vehicle  and  determined  as  follows: 


Measured  vehicle 
maximum  speed 

Test  speed 

km/h 

mph 

km/h 

mph 

40  - 55 

25  - 34 

Maximum,  40,  48 

Maximum,  25,  30 

56  - 70 

35  - 44 

Maximum,  40,  56 

Maximum,  25,  35 

71  - 87 

45  - 54 

Maximum,  40,  56 

Maximum,  25,  35 

88  - 103 

55  - 64 

Maximum,  40,  72 

Maximum,  25,  45 

(2)  The  range  for  stop-and-go  driving  was  measured  using  the 
driving  schedules  shown  in  figure  3-3.  These  schedules  are 
identical  to  those  in  the  SAE  J227a,  Electric  Vehicle  Test 


Test  parameter 

SAE  schedules 

B 

n 

D 

Wax.  speed,  V,  km/h  (mph) 

32(20) 

48(30) 

72(45) 

Accel,  time,  ta,  s 

19 

18 

28 

Cruise  time,  tcr,  s 

19 

20 

50 

Coast  time,  tc(J1  s 

4 

8 

10 

Brake  time,  tb,  s 

5 

9 

9 

idle  time,  t|,  s 

25 

25 

25 

Total  time,  s 

72 

80 

122 

Approximate  number  of 
cycles  per  mile 

4-5 

3 

1 

Time 


Figure  3-3,  - SAE  J227a  driving  cycle. 
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Procedure  dated  February  1976,  The  tests,  which  are 
representative  of  fixed-route  urban  (B),  variable-route  urban  (C), 
and  variable-route  suburban  (D)  driving,  are  terminated  when  the 
vehicle* s acceleration  falls  below  that  necessary  to  reach  the 
cruising  speed  in  the  required  time.  All  vehicles  were  tested  to 
the  schedule  B maximum  speed  of  32  kilometers  per  hour  (20  mph) 
and,  where  the  vehicle  had  the  necessary  acceleration  capability, 
to  the  schedule  C maximum  speed  of  48  kilometers  per  hour  (30 
mph).  Only  one  vehicle  tested  under  this  program  had  sufficient 
acceleration  to  meet  the  schedule  D requirements. 

(3)  Energy  consumption  was  determined  for  each  range  test  by 
measuring  the  electi ic  energy  to  the  battery  charger  that  was 
required  to  recharge  the  battery  after  completing  the  vehicle  test 
and  dividing  this  by  the  measured  vehicle  range.  In  many  cases 
the  battery  was  overcharged  to  equalize  the  cells,  usually  this 
value  was  analytically  corrected  to  a value  representative  of  a 
10-percent  overcharge. 

(4)  Acceleration  capability  was  measured  with  the  battery 
fully  charged,  40  percent  discharged,  and  80  percent  discharged. 

(5)  Gradeability  is  the  grade  (in  percent)  that  a vehicle 
can  negotiate  at  a given  speed.  Maximum  gradeability  (which 
occurs  at  a speed  of  about  1 km/h)  was  determined  from  the 
measured  tractive  force  (see  appendix  A).  Gradeability  at  higher 
speeds  was  determined  from  the  vehicle* s acceleration  capability 
and  computed  for  various  speeds. 

(6)  Maximum  vehicle  speed  was  determined  by  driving  the 
vehicle  around  the  track  twice  at  full  power  and  averaging  the 
speeds  measured.  The  1-percent  track  slopes  allowed  by  the  test 
procedure  can  cause  variations  in  vehicle  speed  of  +8  kilometers 
per  hour  (+5  mph).  For  test  purposes  the  maximum  speed  used  for 
the  range  tests  was  defined  as  95  percent  of  the  lowest  vehicle 
speed  at  any  point  on  the  track  when  the  vehicle  is  traveling  at 
maximum  power.  The  vehicle  range  and  speed  were  measured  with  a 
calibrated  fifth  wheel  as  shown  in  figure  3-4. 

(7)  Payload  was  determined  by  subtracting  the  vehicle  curb 
or  delivered  empty  weight  from  the  manufacturer’s  recommended 
gross  vehicle  weight. 

(8)  Braking  tests  were  conducted  under  the  ERDA  procedure 
which  is  similar  to  Federal  Motor  Vehicle  Safety  Standard  105-75. 
The  tests  include  stops  from  48  kilometers  per  hour  (30  mph)  and 
from  the  vehicle *s  maximum  speed,  braking  in  curves  with  wet  and 
dry  pavements  (see  fig.  3-5),  wet  brake  recovery  tests,  and 
parking  brake  tests.  Two  or  more  tests  usually  were  conducted 
under  each  specified  condition.  For  range  tests,  if  the  two 
results  did  not  agree  within  +5  percent,  the  test  was  repeated  a 
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Figure  3-4.  - Test  vehicle  with  fifth  wheel  installed 


Figure  3-5.  - Test  vehicle  braking  in  curve. 

third  time  and  the  three  values  were  averaged.  For  tnose  vehicles 
with  regenerative  braking,  the  driving  schedule  range  tests  were 
conducted  with  and  without  the  regenerative  braking  where 
possible. 

Other  vehicle  and  component  parameters  such  as  battery 
current  and  power  also  were  measured  for  selected  vehicles. 
Coastdown  tests  of  each  vehicle  were  conducted  to  determine 
aerodynamic  and  friction  loss  coefficients. 
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The  track  tests,  in  general,  do  not  expose  the  electric 
vehicles  to  as  severe  an  environment  as  would  be  encountered  xn 
service,  except  for  the  batteries  which  were  substantially 
discharged  during  each  test.  The  vehicle  batteries  were  recharged 
after  each  test  by  a procedure  that  assured  a fully  charged 
battery  with  all  cells  equalized.  Although  this  procedure 
increased  the  total  energy  consumption,  it  assured  maximum  range 
and/or  performance  and  more  reproducible  results.  The  vehicles 
were  tested  at  ambient  temperatures  of  5°  to  32°  C (40°  to  90°  F) 
and  when  the  wind  was  less  than  16  kilometers  per  hour  (10  mph)  in 
accordance  with  the  test  procedure.  All  test  tracks  were 
relatively  flat  with  slopes  of  less  than  the  allowable  1 percent 
(1  meter  change  in  elevation  per  100  meters  length).  The  vehicles 
were  driven  by  experienced  test  drivers  and  were  maintained  by 
competent  electric  vehicle  test  engineers  and  mechanics. 

•Four  conventional  vehicles  were  tested  by  NASA  Lewis  under  a 
procedure  that  simulated  the  electric  vehicle  test  procedure. 

Fuel  consumption,  speed,  and  distance  traveled  were  measured  for 
constant  speeds  and  for  the  SAE  J227a  driving  schedules  B,  C,  and 
D.  Acceleration  and  coastdown  data  were  also  obtained.  The  data 
were  taken  with  the  same  payload  in  the  electric  vehicle  and  its 
conventional  counterpart  in  order  to  allow  a direct  comparison. 

3. 2. 1.2  Test  sites.  - Four  test  tracks  were  used  to  support 
the  tests.  Extremes  of  temperature  and  weather  prevented  using 
only  one  track  the  year  round.  The  Dynamic  Science  track  in 
Phoenix,  Arizona,  was  used  during  the  winter  and  early  spring. 

The  Ohio  Transportation  Research  Center  ( TRC ) in  East  Liberty, 
Ohio,  was  used  in  the  spring  and  summer.  MERADCOM  used  the 
Aberdeen  Proving  Ground  in  Aberdeen,  Maryland,  and  the  Canadian 
government  used  a Canadian  test  track  (see  appendix  A). 

Additional  test  track  data  were  obtained  from  earlier  NASA  vehicle 
tests  for  ERDA  at  TRC  and  the  Dana  Corp.  Technical  Center  track  at 
Ottawa  Lake,  Michigan. 

3. 2.1. 3 Test  limitations.  - The  range  test  results  were  very 
consistent,  it  was  seldom  necessary  to  repeat  tests  a third  time 
because  the  results  of  the  first  two  tests  run  under  the  same 
conditions  rarely  differed  by  more  than  +5  percent.  Where 
differences  in  range  did  occur,  they  were  usually  because  of 
problems  with  the  vehicle  or  its  battery  or  because  of  high  winds. 

The  variations  permitted  by  the  test  procedure  include 
ambient  air  temperature,  wind  velocity,  track  slopes,  and  track 
surfaces.  The  procedure  allows  vehicles  to  be  tested  in  winds  as 
high  as  16  kilometers  per  hour  (10  mph).  It  was  expected  that 
winds  of  this  velocity  would  cause  a decrease  in  range,  especially 
for  the  vehicles  having  large  cross-sectional  areas.  To  verify 
this,  two  commercial  vans  were  tested  under  a variety  of  wind 
conditions.  In  most  instances  the  range  decreased  with 
increasing  wind  speed,  but  the  reduction  in  range  was  less  than  10 
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percent  under  wind  conditions  falling  within  the  procedures 
specifications.  The  reduction  in  range  was  less  with  passenger 
cars..  ... 

During  the  test  period  (1  to  2 months)  for  any  one  vehicle, 
the  ambient  temperature  did  not  usually  differ  by  more  than  11 
Celsius  degrees.  These  changes  in  ambient  temperature  did  not 
affect  the  test  results  since  the  vehicles  were  stored  indoors 
overnight  and  the  large  thermal  mass  of  the  battery  caused  it  to 
be  relatively  unaffected  by  ambient  temperature  during  the  short 
(1  to  4 hour)  vehicle  tests. 

With  one  exception,  only  one  vehicle  of  any  given  design  was 
tested,  so  variations  in  performance  from  vehicle  to  vehicle  of 
the  same  type  were  not  measured. 

3.2.2  Selection  of  Test  Vehicles 

Table  3-l(a)  lists  the  electric  vehicles  that  were  tested  by 
NASA,  MERADCOM,  and  the  Canadian  government.  All  the  electric 
vehicles  were  powered  by  lead-acid  batteries  of  various  designs. 
The  four  conventional  internal ‘combustion  engine  powered  venicles 
and  the  hybrid  vehicle  that  were  tested  by  NASA  are  listed  in 
table  3-1 (b) . The  conventional  vehicles  were  identical  wherever 
possible  with  their  electric  counterpart  except  for  (1)  the  use  of 
a conventional  propulsion  system  instead  of  an  electric  propulsion 
system,  (2)  the  weight  differences  due  to  the  differences  in 
propulsion  systems,  and  (3)  in  one  case,  the  presence  of  a 
transmission  in  the  conventional  vehicle. 

The  vehicles  to  be  tested  were  recommended  by  NASA  Lewis  and 
the  selections  were  approved  by  ERDA.  Vehicles  were  selected  to 
provide  as  broad  a spectrum  as  possible  of  vehicle  types  and 
sources.  Vehicle  availability  played  an  important  role  in  the 
selection.  For  example,  no  Japanese  government  vehicle  was 
available  for  testing,  although  a commercial  Japanese  vehicle  was 
tested. 

3.2.3  Electric  Vehicle  Track  Test  Results 

Track  tests  were  conducted  under  the  same  general  test 
procedure  but,  for  various  reasons,  not  all  the  tests  described  in 
the  test  procedure  were  performed  on  every  vehicle.  Where  tests 
were  incomplete,  it  was  usually  due  to  either  the  owner's 
reluctance  to  allow  the  tests  to  be  conducted  or  to  vehicle 
breakdown. 

The  test  results  for  the  electric  vehicles  are  summarized  in 
table  3-2.  Since  the  tests  are  to  characterize  the 
“state-of-the-art"  rather  than  to  evaluate  individual  vehicles, 
the  vehicles  tested  are  identified  only  by  code  numbers. 
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table  3-1.  - annncj*2TLsric3  op  nvtcK-'resxnj  vnacLES 


(a)  Electric  vehicles;  courro,  numifacturer 


Vehicle 

’IVP°a 

Curb  wight 

regener- 

ating 

brake 

Mater 

type13 

Ms  tor 
^awer, 
kW 

OontroUrr® 

Transmission 

*g 

ltei 

AM  General  DJ-5E 

C 

1644 

3624 

X 

c 

14.9 

SCHP 

Direct  drive 

ELectrueX 

Battnanic  Minivan 

c 

2630 

5930 

s 

31 

SCHP 

2 Speed;  annual 

CUT  Tan  Cor 

P 

1406 

3100 

p 

— 

n, 

BSW 

Fixed  gear  ratio 

Daihatsu  Van 

C,  F 

323 

2035 

X 

s 

10 

TCHP 

4 Speed;  manual 

ETC  Huraingbird 

P 

1191 

2625 

s 

7.5 

TCHP 

4 Speed;  renual 

EVA  antsetor 

1 

1429 

3L50 

X 

p 

7.5 

BSW 

Automatic 

EVA  ftotro  sedan 

1429 

3150 

8 

10 

SCO? 

Autcmatic 

(2  vehicles) 

EVA  Poosr 

1010 

3990 

X 

S 

14.9 

4 Speed;  manual 

Fiat  850  T von 

C,  F 

1510 

3330 

X 

P 

14 

Direct  drive 

Jot  Industries 

C 

1134 

2500 

s 

7.5 

4 Speed;  manual 

Elcctra  Van 

(l-tad  I) 

Jot  Industries 

C 

1216  ; 

2660 

s 

7.5 

4 Speed;  manual 

Elcctra  Van 

(Mad  H) 

Lucas  lirousino 

C,  P 

2774  , 

6116 

X 

G 

37 

Fixed  gear  ratio 

Marathon  0300 

c,  F 

1179  | 

2600 

— 

6 

ESI  7 

4 Speed;  manual 

Otis  P-500 

C 

1642  j 

3620 

s 

22 

SCHP 

Fixed  gear  ratio 

Utility  Van 

Powr-Train  van 

C 

1946  ; 

4290 

X 

s 

22 

san> 

Fixed  gear  ratio 

nipp-Elcctric 

P 

1313 

2900 

X 

s | 

15 

TO  IP 

4 Speed;  manual 

Sebring-Vanguard 

CitiCar 

P 

590 

1300 

s ! 

4.5 

BSW 

Direct  drive 

Sebring-Vanguard 

c 

660  ; 

1455 

s | 

4.5 

BSW 

Direct  drive 

citivan 

Volkswagen  trans- 

C, P 

2260  ! 

5000 

X 

p ! 

17 

son? 

Direct  drive 

porter* 

waterman  DAP 

p 

1225  1 

2700 

3 i 

6.7 

BSW 

Variable  a peed 

Waterman  Renault  5 

p 

1170 

2580 

S ! 

6.7 

BSW 

4 Speed;  manual 

zagato  El car 

p.  p 

553 

1220 

a 1 

2 

BSW 

Direct  drive 

Ifcnurk* 


Tor  postal  cnrvica 


Chain  drive 


One-point  battery 
watering 


Chain  drive 


Hydraulic  aactmr- 
lator 


Bolt-driven  trans- 
mission 


(b)  Conventional  and  hybrid  vehicles 


Typo  of  vchiclo 

Vchiclo 

Type0 

Sourre 

Curb  wight 

Engino 

Transmission 

Recur  kn 

coda  or 

noma 

kg 

E29 

Conventional 

P-2 

P,  F 

Manufacturer 

016 

1795 

4 cylinder;  1209-cm3 

4 Speed;  manual 

counterpart 

(79  in3)  die- 

of  electric 

placement 

designated 
by  vchiclo 
redo 

P-7 

■ 

1515 

3333 

6 cylinder;  4 227 -cm3 
(250  in3)  (dis- 
placement 

4 Speed;  manual 

C-2 

1170 

2594 

6 Cylinder)  3802-cm3 

3 Speed;  auto- 

H 

(232  in3)  dic- 
plaaJroit 

matic 

C-3 

HI 

1204 

2825 

4 cylinder;  1970-an3 

4 Speed;  manual 

Fuel  injection 

M 

(120  in3)  dis- 
placement 

Hybrid 

Hordes eh 

Individual 

1157 

2545 

12-kW  (16-hp)  Indus- 

4 Speed;  manual 

Series  hybrid; 

Austin 

trial  ICE 

96-V  battery; 

8 

15-kW  (20-hp)  Elec- 

BSW  control- 
ler 

trie  series  rotor 

^Vchiclo  typo:  C denotes  ccrmercinl;  P denotes  passenger;  F denotes  foreign  manufacturer. 

Htotor  typo:  G denotes  series  rotor;  P denotes  chunt  motor;  C derates  ccrpsund  rotor. 

cControllcr  typo:  ECHP  denotes  aUiaon-ccntrollcr  rectifier  (SCR)  chopper;  TCHP  denotes  transistor  chopper;  BSW  denotes 
battery  cwltdiing;  R derates  resistance. 
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inas  3-2.  - suiswa  ce  mrnac  vaaaz  ust  caia 

(a)  si  wit* 


^Payload  Haight  divided  fcy  toot  weight. 

Tuttary  weight  divided  fcy  tost  weight. 

Swt.not  performed  - vehicle  did  rot  root  teat  caditima. 

Tilth  regenerative  braking. 

^^gywqulred  to  recharge  batteries  after  each  tost  divided  fcy  range  achieved  In  teat.  Datterlea  worn 
overcharged  by  varying  acasrti  (10  to  50  percent)  to  prwlda  a full  charge  for  tha  following  test. 
TTaat  data  furnished  fcy  rronufacturer. 

^Test  speed  exceeded  rnwhor;  speed  reewronded  fcy  mamfacturcr. 
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-TABLE  3-2.  - concluded. 


(b)  u.B.  customary  units 


Vehicle 

ado 

payload 

frartloR11 

Battery 

fraction" 

flrooleraticn,  sph 

Madam 

speed, 

rph 

Maxi- 

ma 

gradfl 

At  12 
nph 

At  25 
nph 

driving 

schedule 

0 to  20 

0 to  30 

B 

C 

AccelcratL 

ng  tire,  a 

Gradeability, 

percent 

Average  ra 

ngo,  cd-lcs 

urn 

0.10 

HPumi 

14 

29 

36 

KB 

5 

6 

mm 

(c) 

wSM 

.14 

mSm 

9 

34 

40 

15 

3 

«9 

(c) 

EH 

.16 

.28 

7 

16 

50 

WM 

13 

6 

“33 

P-4 

.19 

.24 

9 

22 

35 

22 

14 

mm 

20 

(c) 

.15 

.29 

8 

<c) 

30 

12 

24 

(o) 

P-6 

.10 

.40 

8 

14 

55 

— 

cfl 

^3 

•*77 

P-7 

.13 

.30 

8 

17 

56 

16 

6 

d33 

d30 

P-8 

.16 

.28 

7 

1C 

53 

15 

9 

~ 

20 

P-9 

.13 

.27 

n 

20 

47 

3S 

12 

7 

21 

21 

P-10 

.26 

.30 

7 

45 

32 

— 

i: 

2 

20 

(c) 

P-U 

.13 

.33 

— 

__ 

55 

— 

— 

— 

0-1 

.06 

.37 

6 

11 

56 

— 

19 

U 

49 

40 

0-2 

.16 

.30 

9 

23 

35 

14 

13 

34 

(o) 

0-3 

.26 

.24 

7 

14 

45 

14 

15 

U 

d45 

“30 

04 

.23 

.24 

8 

19 

37 

— 

12 

^5 

— » 

03 

.15 

.23 

£4 

f9 

40 

- 

24 

U 

d35 

d36 

06 

.21 

.29 

9 

16 

44 

46 

— 

45 

23 

07 

.18 

.36 

10 

17 

35 

— 

18 

64 

55 

OB 

.25 

.24 

7 

22 

31 

— 

— 

— 

20 

(c) 

0-9 

.19 

.23 

6 

13 

40 

— 

17 

7 

21 

40 

010 

.21 

.26 

7 

15 

52 

17 

12 

7 

24 

OU 

.25 

.21 

12 

21 

“ 

— 

— 

mm 

012 

.28 

.22 

20 

32 

35 

22 

3 

ID 

(c) 

Vehicle 

Test 

speed 

nph 

Driving 

nchcdulo 

{Win 

m 

ESI 

Ol 

Ell 

Ell 

m 

El1 

El 

O1 

35 

40 

45 

B 

c 

Range, 

miles 

Energy  conswrptico 

,°  bHhA 

idle 

59 



m 

(c) 

a 

— 

(c) 

(c) 

(c) 

0.46 

(C) 



117 

— . 

El 

(c) 

H 

— 

.27 

0.33 

<C> 

(c) 

.37 

(Q) 



49 

— 

35 

— 

— 

.65 

.58 

— — 

0.79 

.02 

u0.75 

_ 

35 

— 

23 

<c) 

KSl 

— 

.SS 

.72 

(c) 

(C) 

.03 

(c) 

P-5 

_ 

26 

(c) 

(c) 

(c) 

<C> 

— 

.31 

CO 

tc> 

(c) 

(0) 

.35 

(c) 

P-6 

101 

— 

00 

71 

— 

.27 

.29 

.34 

“.36 

•35 

P-7 

- 

53 

— 

44 

34 

— 

.96 

— 

.45 

.50 

d.64 

“.87 

P-8 

— 

43 

— 

35 

a 

a 

P-9 

— 

38 

— 

27 

(C) 

~ 

.54 

P-10 

— 

36 

” 

mm 

P-U 

— 

” 

~ 

“ 

Ol 

66 

— 

— 

32 

— 

.69 

— 

1.38 

1.09 

1.31 
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“payload  weight  divided  by  tost  weight. 

^Battery  weight  divided  by  tnat 

cTtest  t»t  perfoarod  - vehicle  did  not  moot  test  conditions. 

•*Hith  regenerative  braking. 

eB>arw  required  to  recharge  batteries  after  each  test  divided  by  range  achieved  in  teat.  Batteries  were 
overcharged  by  varying  amomte  (10  to  50  percent)  to  provido  a fuU  charges  for  the  following  test, 
date  furnished  by  ronufacturer* 

Sfleat  speed  exceeded  rmxbmn  speed  rearamndod  by  manufacturer. 
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3.2* 3*3.  Range.  - A plot  of  the  test  results  showing  the 
electric  vehicle  range  at  various  constant  speeds  is  shown  in 
figure  3-6.  Superimposed  are  two  curves?  one  gives  the  average  of 
the  four  best  vehicles,  and  the  other  the  average  of  the  remaining 
vehicles.  These  average  curves  are  compared  in  section  3.5  with 


125] — 200 


Average  of  / \ 
four  best  tests J v 


100^ — 


Vehicle  speed,  km/h 


Vehicle  speed,  mph 
Figure  3-6.  - Vehicle  range  as  function  of  speed 


the  literature  results.  As  expected  from  theory  (see  section 
3.1-1),  vehicle  range  decreased  with  increasing  vehicle  speed. 

The  wide  variation  of  results  shown  in  figure  3-6  is  due  to  the 
differences  among  vehicles  in  the  energy  available  from  the 
battery,  the  weight  of  the  vehicles,  and  the  various  losses  due  to 
tire  friction,  aerodynamic  drag,  and  driveline  inefficiencies.  As 
discussed  in  section  3.1-1,  range  is  a function  of  all  these  * 
parameters  and  the  manner  in  which  they  vary  relative  to  one 
another  at  different  speeds. 

As  shown  in  figure  3-6,  four  vehicles  achieved  substantially 
higher  ranges  than  the  others.  According  to  equation  (3-2),  given 
in  section  3.1.1,  these  vehicles  must  have  high  battery  energy  per 
unit  of  vehicle  mass  E^f  and/or  a high  ratio  of  driveline 
efficiency  to  resistive  acceleration  ^D/Ra  - Conversely,  those 
vehicles  which  have  poor  range  performance  have  relatively  low  E^f 
and/or  low  ^D/Ra* 

To  aid  in  interpreting  the  test  results,  estimates  were  made 
of  the  tire  friction  and  aerodynamic  losses  for  all  the  -vehicles 
tested.  Inputted  values  for  the  vehicles'  driveline  efficiencies 
were  determined  using  these  estimates  and  the  measured  constant 
speed  range.  Tire  friction  losses  were  estimated  from  the  data 
available  for  the  tires  on  the  test  vehicles  (i.e.,  tire  type  and 
pressure)  and  tire  friction  coefficient  information  available  in 
the  literature  (e.g.,  refs.  2 and  3).  Aerodynamic  drag  losses 
were  calculated  from  estimates  of  the  values  of  the  aerodynamic 
drag  coefficient  Cp  based  on  the  vehicle's  shape  (i.e., 
streamlined  or  boxy,  see  refs.  4 and  5)  and  the  measured  frontal 
area  for  each  vehicle.  The  calculated  tire  friction  coefficients 
Ci,  the  aerodynamic  drag  coefficients  C^,  and  the  aerodynamic 
loss  coefficients  are  shown  in  table  3-3. 

The  resistive  acceleration  was  calculated  for  the  vehicles  at 
speeds  of  40,  56,  and  72  kilometers  per  hour  (25,  35,  and  45  mph) 
using  these  calculated  loss  coefficients.  The  driveline 
efficiency  of  each  vehicle  was  then  calculated  from  equation  (3-2) 
and  the  constant  speed  range  measurements.  The  driveline 
efficiency  so  calculated  is  an  indication  of  what  the  efficiency 
of  the  controller,  motor,  and  geartrain  would  have  to  be  for  the 
predicted  range  to  match  the  measured  range. 

The  calculated  constant  speed  range  parameters  are  listed  in 
table  3-4.  The  specific  battery  energy  density  was  either 
computed  from  measured  data  or  taken  from  manufacturers' 
literature.  The  vehicles  are  listed  in  the  table  according  to 
their  measured  range  at  constant  speed  from  highest  to  lowest,  in 
a few  cases,  measured  range  was  not  available  at  the  speeds 
indicated  in  table  3-4  but  was  estimated  from  the  range  results 
shown  in  figure  3-6. 
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TABLE  3-3.  - CALCULATED  TIRE  FRICTION  AND  AERODYNAMIC 
LOSS  COEFFICIENTS  FOR  ELECTRIC  VEHICLES  TESTED 


Vehicle 

code 

Tire  friction 
coefficient, 

Cl' 

N/kg 

Aerodynamic 

drag 

coefficient, 
■ CD 

Aerodynamic 

loss 

coefficient, 

c3/V 

10~4/m 

P-1 

0.113 

0 

5 

3.95 

P-2 

.099 

5 

3.96 

P-3 

.105 

5 

3.35 

P-4 

.093 

6 

4.47 

P-5 

.105 

6 

10.58 

P-6 

.122 

5 

3.45 

P-7 

.105 

3.29 

P-S 

.105 

3.35 

P-9 

.105 

3.35 

P-10 

.108 

ft 

6 

7.36 

P-11 

.095 

ft 

3 

2.04 

C-l 

0.113 

0. 

6 

5.01 

C-2 

.122 

4.69 

C-3 

.104 

(a) 

C-4 

.110 

4.41 

C-5 

.105 

4.50 

C-6 

.117 

4.40 

. C-7 

(a) 

(a) 

4.40 

C-8 

(a) 

(a) 

7.36 

C-9 

.105 

• 

6 

5.10 

C-10 

.063 

ft 

6 

3.62 

C-ll 

(a) 

(a) 

(a) 

C-12 

.107 

• 

5 

3.47 

aNot  available. 
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TKBLZ  3-4.  - CaEUWP-SPm)  RANGE  ERRMfUERS 


(a)  Ccrstarfc  speed,  40  tayh  (25  nph) 


(b)  constant  speed,  56  b#  (35  rrpJi) 


Vehicle 

code/1 

ItaSiStlVQ 

acceleration, 

V 

H/kg  of 
vehicle 
weight 

Specific 

battery' 

energy 

density, 

V 

WiAg  of 
battery 
might 

Battery 

fraction, 

f, 

ratio  of 
battery 
weight  to 
vehicle 
wittftt 
in  kg 

trplied 

driveline 

efficiency, 

nD 

Ratio  of 
resistiTO 
acceleration 
to  implied 
driveline 
efficiency, 

Vv 

V/kq  of 
Vehicle 
weight 

P-2 

0.148 

22.0 

0.663 

0.223 

O-IO*5 

.108 

22.0 

.633 

.171 

P-6 

.165 

22.0 

.396 

.576 

.286 

C-3 

(c) 

24.4 

.235 

(C) 

0-1 

.176 

18.2 

.325 

.596 

.295 

P-1 

.162 

22.0 

.346 

.443 

.366 

0-6 

.172 

I 

.269 

.515 

.334 

P-7 

.146 

1 

.305 

.415 

.352 

P-3 

.147 

f 

.277 

.437 

.336 

0-2 

.180 

16.9 

.301 

.656 

.274 

0-5 

.161 

24.1 

.232 

.492 

.327 

0-12 

.150 

22.0 

.217 

.532 

.282 

0-4 

.165 

24.0 

.236 

.494 

.334 

p-e 

.147 

22.0 

.277 

.392 

.375 

P-9 

.147 

22.0 

.277 

.359 

.409 

P-10 

.200 

22.0 

.297 

.445 

.449 

P-4 

.149 

22.3 

.245 

.366 

.407 

P-5 

.237 

24.1 

.286 

.404 

.587 

O-S^ 

.169 

22.0 

.274 

.332 

.503 

Vehicle 

code® 

Basis tivo 

V 

H/kg  of 
vehicle 
weight 

Specific 

battery 

energy 

density, 

Ej, 

Wi/kg  of 
battery 
weight 

Battery 

fraction, 

f, 

ratio  of 
battery 
weight  to 
vehicle 
weight 
in  kg 

replied 

driveline 

efficiency, 

"D 

Ratio  of 
• resistive 
acceleration 
to  is plied 
driveline 
efficiency, 

w 

N/kgof 
Vehicle 
vtoi ght 

C-10 

mssm 

22.0 

0.258 

0.813 

0.187 

p-llb 

mEM 

.327 

.249 

P-6 

.206 

.396 

.2B7 

P-2 

.196 

.346 

.728 

.269 

P-lb 

.210 

.346 

.346 

C-3 

(C) 

24.4 

.235 

BH 

(cl 

C-l 

.236 

1B.2 

.365 

.324 

P-7 

.186 

22.0 

.305 

.500 

.372 

C-6b 

.225 

22.0 

.289 

.666 

.338 

C-5 

.215 

24.1 

.232 

.665 

.323 

C-4 

.218 

24.0 

.236 

.623 

.347 

P-8 

.187 

22.0 

.277 

.497 

.376 

P-3 

.187 

22.0 

.277 

.497 

.376 

P-9 

.187 

22.0 

.277 

.4B5 

.386 

P-4 

.202 

22.3 

.245 

.372 

.543 

P-IO15 

.288 

22.0 

.297 

.470 

.613 

(c)  Constant  speed,  72  tayh  (45  npto) 


vehicle 

code0 

IfeoistiVQ 

acceleration, 

V 

H/ko  of 
vehicle 
weight 

Specific 

battery 

energy 

density, 

h' 

Wh/kg  of 
battery 
wight 

Battery 

fraction, 

f, 

ratio  of 
battery 
wight  to 
vehicle 
wight 
in  kg 

Inplicd 

driveline 

efficiency, 

"d 

Ratio  of 
resistive 
acceleration 
to  inplicd 
driveline 
efficiency, 

w 

H/kg  of 
vehicle 
wight 

MU.b 

0.178 

22.0 

0.327 

0.723 

P-6 

.262 

22.0 

.396 

.859 

0-10 

.209 

22.0 

.258 

.974 

.215 

C-3 

(o) 

24.4 

.235 

(o) 

(o> 

P-7 

.233 

22.0 

.305 

.587 

.405 

C-l 

.315 

18.2 

.365 

.807 

.392 

P-8 

.241 

22.0 

.277 

.583 

.413 

P-3 

.241 

22.0 

.277 

.520 

.463 

P-9 

.241 

22.0 

.277 

.501 

.481 

°Llated  according  to  nsasurod  tongs  at  corutar.t  speed,  frera  highest  range  to  lowest, 
^Rango  estimated 
°ifat  available. 
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The  driveline  efficiencies  shown  in  table  3-4  represent  the 
inputted  driveline  efficiencies  of  the  vehicles  based  on  a best 
estimate  of  the  other  loss  factors.  There  is  almost  a two-to-one 
variation  in  driveline  efficiency  for  the  vehicles  tested.  This 
variation  contributed  significantly  to  the  wide  variation  in  range 
that  the  vehicles  achieved  during  testing. 

An  alternative  to  correlating  the  test  result  with  the 
vehicle  characteristics  is  described  in  reference  6.  The 
coast  down  test  data  for  each  vehicle  can  be  used  to  determine  a 
'^resistive  acceleration."  This  resistive  acceleration  includes, 
in  addition  to  the  tire  and  aerodynamic  drag,  the  losses  in  the 
differential,  the  wheel  bearings,  and  any  portion  of  the 
transmission  that  is  not  disconnected  during  the  coastdown.  These 
data  can  then  be  used  to  calculate  the  road  energy  at  the  speed  of 
interest  or  for  an  entire  driving  schedule.  A motor  driveline 
efficiency  can  then  be  calculated  by  dividing  the  measured  or 
estimated  battery  output  energy  by  the  road  energy.  This  motor 
driveline  efficiency  differs  from  the  driveline  efficiency  used  in 
this  report  in  that  it  does  not  include  the  inefficiencies  of 
those  portions  of  the  drivetrain  that  remain  connected  during 
coastdown  tests.  This  motor  driveline  efficiency  was  not  used  to 
correlate  the  test  data  because  different  portions  of  the  drive 
train  are  included  in  its  determination  depending  on  a particular 
vehicle's  configuration. 

The  measured  range  of  the  test  vehicles  for  driving  schedules 
B and  C are  shown  in  figure  3-7  as  a function  of  vehicle  test 
weight  and  payload  weight.  The  results  include  the  effects  of 
regenerative  braking  where  it  was  available  on  the  vehicle.  As 
expected,  the  range  was  lower  than  the  constant-speed  ranges 
because  of  the  acceleration  losses. 

The  test  range  (as  indicated  in  section  3.1)  should  correlate 
with  the  performance  parameter  E^fn^/Ra  where  the  driveline 
efficiency  and  resistive  acceleration  are  calculated  for  the 
maximum  speed  of  the  schedule  (i.e.,  32  km/h  (20  mph)  for  schedule 
B and  48  km/h  (30  mph)  for  schedule  C).  The  measured  schedule 
range  as  a function  of  this  performance  parameter  is  shown  in 
figure  3-8  for  schedules  B and  C without  regenerative  braking. 

The  data  appear  to  correlate  reasonably  well  with  range, 
increasing  as  the  performance  parameter  increases.  Thus,  as  might 
be  expected,  the  same  factors  which  affect  vehicle  range  at 
constant  speed  also  influence  the  range  over  a cyclic  driving 
schedule. 

Although  the  data  in  figure  3-8  appear  to  approach  a 
performance  parameter  of  about  10  at  zero  range,  the  curves 
actually  would  tend  toward  zero.  However,  as  the  performance 
parameter  is  reduced,  a minimum  vould  occur  where  the  vehicle 
either  could  not  meet  the  acceleration  requirement  or  would  not 
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Figure  3-8.  - Variations  of  range  with  performance  parameter  without  regenerative  braking. 


have  enough  energy  to  complete  one  driving  cycle.  It  is  expected 
that  the  acceleration  requirement  would  be  more  severe.  Thus,  an 
electric  vehicle  would  require  some  minimum  performance  parameter 
(greater  than  0 but  less  than  10)  to  achieve  any  range  at  all  over 
a driving  schedule. 

3.2. 3. 2 Energy  consumption.  - Energy  consumption  was 
determined  for  each  vehicle  by  measuring  the  electrical  input 
energy  to  the  battery  charger  required  to  recharge  the  battery 
after  each  test.  The  amount  of  electrical  energy  needed  to 
recharge  the  battery  depends  not  only  on  the  amount  of  energy 
discharged  during  the  test,  but  also  on  the  charger  and  battery 
efficiencies,  which  were  different  for  each  vehicle.  These 
component  efficiencies  were  determined  for  some  of  the  vehicles. 
Since  the  values  did  not  show  much  variation,  it  was  assumed  in 
correlating  the  data  that  the  charger  and  battery  efficiencies 
would  not  vary  greatly  among  the  vehicles. 

To  insure  a full  charge,  the  batteries  were  generally 
overcharged  to  varying  degrees.  For  example,  the  batteries  were 
always  equalized  at  each  recharging?  that  is,  charging  was 
continued  until  all  cells  were  brought  up  to  full  charge.  To 
compare  the  energy  consumption  values  for  all  vehicles  on  an  equal 
basis,  the  energy  consumption  data  were  corrected  to  a constant 
overcharge  level  of  10  percent.  Corrected  energy  consumptions  for 
the  schedule  B and  C tests  are  plotted  in  figure  3-9  as  a function 
of  vehicle  test  weight  and  vehicle  payload,  respectively.  Energy 
consumption  is  seen  to  depend  on  vehicle  weight  as  most  of  the 
data  fall  within  an  area  bounded  by  lines  with  slopes  of  0.17  to 
0.28  watt  hour  per  kilometer  per  kilogram  (0.12  to  0.2 
Wh/mile-ibm) . Energy  consumption  appears  to  be  independent  of 
payload  since  the  vehicles  were  designed  primarily  on  gross  weight 
rather  than  on  payload. 

The  electric  vehicle  energy  consumption  at  constant  speed  is 
plotted  against  test  speed  in  figure  3-10.  As  shown,  the  energy 
consumption  varies  considerably  among  the  vehicles,  and  the 
sensitivity  to  speed  is  also  quite  different  for  the  different 
vehicles.  In  section  3.1.2  the  energy  consumption  was  shown  to  be 
proportional  to  the  weight  of  the  vehicle  and  the  ratio  of 
resistive  acceleration  to  the  driveline  efficiency.  It  also  was 
shown  that  the  way  energy  consumption  varies  with  speed  depends 
primarily  on  the  relative  rates  of  increase  of  resistive 
acceleration  and  driveline  efficiency  as  speed  is  increased.  How 
these  parameters  affect  the  shape  of  the  energy  consumption  curves 
is  shown  in  figure  3-2. 

As  was  discussed  in  section  3.1.2,  energy  consumption  would 
be  expected  to  correlate  with  MvRa/riDr  which  is  equivalent  to  the 
power  required  from  the  battery  to  drive  the  vehicle  at  constant 
speed.  Energy  consumption  is  plotted  against  this  performance 
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Figure  3-10.  - Energy  consumption  as  function  of  vehicle  speed  tor 
electric  test  vehicles. 


parameter  in  figure  3-ll(a)  for  all  the  constant  speed  range 
tests.  The  data  correlate  well  with  this  parameter.  The  energy 
consumption  is  proportional  to  the  mass  of  the  vehicle  and  the 
resistive  acceleration,  and  it  is  inversely  proportional  to  the 
driveline  efficiency.  A similar  plot  is  shown  in  figure  3-ll(b) 
for  driving  schedules  B and  C without  regenerative  braking.  Here 
the  resistive  acceleration  and  driveline  efficiency  are  calculated 
at  32  and  48  kilometers  per  hour  (20  and  30  mph),  respectively, 
the  maximum  speeds  for  the  driving  schedules.  The  energy 
consumption  generally  is  greater  for  the  driving  schedule  tests 
when  compared  with  the  constant  speed  tests  at  the  same  power 
level.  This  situation  corresponds  to  the  higher  energy 
requirements  for  acceleration  to  the  maximum  speed  of  the  driving 
schedule . 
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Figure  3-11.  - Variation  of  energy. 


3. 2 ,3. 4 Regenerative  braking.  - Regenerative  braking  is  a 
method  of  converting  the  vehicle  kinetic  energy  that  is  normally 
lost  in  braking  to  a different  form  of  energy  that  can  be  stored 
(flywheel,  hydraulic,  or  battery).  This  energy  then  can  be 
converted  back  into  a form  usable  for  powering  the  vehicle.  Thus, 
a vehicle's  range  during  stop-and-go  driving  should  be  increased 
with  regenerative  braking.  The  amount  of  increased  range  depends 
on  how  efficiently  the  regenerative  braking  system  can  store  the 
kinetic  energy  and  convert  it  back  to  propulsive  energy. 

The  regenerative  braking  system  used  on  seven  of  the  vehicles 
tested  converts;  the  drive  motor  into  a generator  that  charges  the 
battery  during  braking.  One  other  vehicle  uses  a hydraulic 
regenerative  braking  system,  which  consists  of  a hydraulic  motor 
coupled  to  the  electric  drive  motor  shaft.  When  the  vehicle's 
brakes  are  activated,  the  hydraulic  motor  is  converted  to  a pump 
and  pumps  fluid  under  pressure  into  an  accumulator.  The  high 
pressure  fluid  is  then  available  for  powering  the  vehicle. 


56 


TABLE  3~  5.  - EFFECTS  OF  REGENERATIVE  BRAKING 


Vehicle 

code 

Driving 

schedule 

Range 

Improvement 
in  range, 
percent 

Without  regenerative 
braking 

With  regenerative 
braking 

km 

miles 

km 

miles 

P-3 

B 

52 

32 

53 

33 

2 

C 

37 

23 

45 

28 

21 

P-6 

B 

105 

65 

117 

73 

12 

C 

94 

58 

123 

77 

31 

P-7 

B 

48 

30 

53 

33 

10 

C 

44 

28 

48 

30 

9 

C-3 

B 

68 

42 

72 

45 

5 

C 

47 

29 

48 

30 

.7 

C-5 

B 

51 

32 

57 

35 

11 

C 

44 

28 

57 

36 

29 

Although  nine  of  the  vehicles  tested  had  regenerative 
braking,  only  five  could  be  tested  both  with  and  without 
regenerative  braking.  The  regenerative  braking  could  not  be 
deactivated  in  the  other  four  vehicles.  The  results  of 
comparative  testing  are  shown  in  table  3-5.  Compared  in  the  table 
are  the  range  of  each  vehicle  over  driving  schedules  B and  C 
without  and  with  regenerative  braking.  The  percent  improvement  in 
range  also  is  shown.  In  all  cases  there  was  some  range 
improvement  when  regenerative  braking  was  used.  The  range 
improvement  was  generally  higher  for  driving  schedule  C,  since  the 
maximum  speed  is  higher  (48  km/h  compared  to  32  km/h  for  the 
schedule  B) , thereby  making  more  kinetic  energy  available  for 
recovery. 

In  some  instances,  full  advantage  could  not  be  made  of  the 
regenerative  braking  system  due  to  the  constraints  in  the  vehicle 
designs.  For  example,  in  vehicle  C-3  the  system  is  designed  so 
that  regenerative  braking  and  the  hydraulic  braking  system  are 
applied  simultaneously  as  a safety  feature.  At  least  half  of  the 
available  energy  is  lost  in  the  front  brakes,  and  much  more  can  be 
lost  if  the  balance  between  the  two  braking  systems  is  not 
precise. 


3. 2. 3. 5 Acceleration.  - The  acceleration  rates  of  the 
electric  vehicles  tested  were  expected  to  be  lower  than  those  of 
the  conventional  automobiles.  The  amount  of  torque  delivered  to 
the  wheels  is  limited  in  an  electric  vehicle  by  the  amount  of 
power  or  torque  that  can  be  provided  by  the  electric  system. 
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TABLE  3-6.  “ MEASURED  RfCTTTERRTIPN  C3ffiRaOERISTICSa 


TABLE  3-7.  - GRABEABILHY 


Vehicle 

Code 

■ . -i  ••  • ■ ' • ' 

Tims  required  to  reach  indicated 
speed  in  knyh  (irph),  s 

/■  32  (20) 

48  (30) 

P-1 

14 

C29 

P-2 

9 

34 

P-3 

. 7 ' ' 

16  ' 

~ P-4 

. 9 

22 

P-5 

8 

— 

, P-6 

8 \>) 

14 

^7 

8 

17 

P-8 

7 

16 

: p-9 

11 

20 

: p-io 

7 

45 

7 9-11 

— 

— 

C-l 

6 

11 

0*2 

9 

23 

C-3 

7 

14 

C-4 

8 

19 

0-5* 

4 

9 

0-6 

9 

16 

C-7 

10 

17 

C-2 

...  ^ • ; 

22 

09 

6 

13 

t.  C-10 

7 

15 

on 

12 

21 

0-12 

• — 

51 

^ ccripared  with  typical  internal  coribustion 
engine  vehicle  acceleration  tires  of  3 s to 
32  knyh,  5 s to  48  km/h,  and  IS  s to  97  km/h 
. (60  mph) . 

'■Test  data  supplied  by  manufacturer. 


Vehicle 

code 

Test  speed 

knyh  (nph) 

1 (0.6) 

10  (6) 

20  (12) 

40  (25) 

Gradeabilitya,  percent 

P-1 

18 

18 

5 

6 

P-2 

37 

26 

15 

3 

P-3 

— 

26 

13 

6 

P-4 

22 

12 

14 

4 

P-5 

— 

14 

12 

3 

P-6 

— 

— 

— 

— 

P-7 

— 

30 

16 

6 

P-8 

— 

24 

15 

9 

P-9 

35 

18 

12 

P-10 

— 

33 

12 

P-11 

— 

— 

— 

1 

0-1 

— 

(b) 

19 

11 

C-2 

14 

15 

13 

4 

C-3 

14 

— 

15 

7 

C-4 

— 

13 

12 

4 

C-5 

— 

— 

24 

7 

C-6 

46 

— 

— 

— 

C-7 

— 

— 

18 

— 

0-8 

— 

22 

— 

— 

C-9 

— 

18 

17 

7 

C-10 

17 

15 

32 

7 

Oil 

— 

45  ■ 

— 

— 

012 

— 

7 

3 

1 

, aGrade  cLirtfaed  at  indicated  speed,  measured 
with  fully  charged  battery. 

^tfot  available. 


Also,  the  test  vehicles  were  heavier  than  their  conventional 
counterparts  due  to  the  weight  of  the  batteries.  Therefore,  even 
though  the  electric  vehicle  and  a similar  conventional  vehicle 
would  have  the  same  friction  and  aerodynamic  loss  coefficients, 
the  previously  mentioned  factors  would  tend  to  lessen  the  electric 
vehicle* s acceleration  capability  (see  section  3.1.5). 

The  times  required  for  the  electric  vehicles  tested  to 
accelerate  to  32  and  48  kilometers  per  hour  (20  and  30  mph) 
compared  with  a typical  conventional  automobile  are  shown  in  table 
3-6.  The  times  required  to  reach  32  kilometers  per  hour  (20  mph) 
range  from  4 to  14  seconds  as  compared  with  about  3 seconds  for 
the  conventional  automobile.  The  times  to  reach  48  kilometers  per 
hour  (30  mph)  range  from  9 to  51  seconds  as  compared  with  about  5 
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seconds  for  the  conventional  automobile.  No  difference  between 
the  personal  and  commercial  vehicles  was  apparent  from  the  test 
results . 


3. 2. 3. 4 Gradeability.  - The  percent  grades  that  the 
electric  vehicles  tested  can  climb  were  calculated  from  the 
acceleration  and  tractive  force  data  and  are  listed  in  table  3-7. 
The  wide  variation  in  gradeability  among  the  vehicles  is  due  to 
the  differences  in  the  electric  drive  systems  and  the  ability  to 
transmit  power  to  the  wheels.  For  reference,  over  normal  terrain 
Federal  interstate  highways  are  limited  to  a 5-percent  grade. 
Non-Federal  mountain  highways,  however,  may  have  grades  as  high  as 
10  or  12  percent.  The  gradeability  of  most  electric  vehicles  at 
very  low  speeds  is  exceptional.  High  gradeability  at  low  speed 
primarily  is  due  to  the  torque/speed  characteristics  of  the  DC 
series  motors  used  in  most  electric  vehicles;  the  torque  available 
is  highest  at  low  motor  speeds.  This  high  torque  could  be  used  at 
higher  speeds  if  a variable  ratio  transmission  were  used,  but  it 
requires  careful  matching  of  the  gear  ratio  and  motor 
characteristics . 

3. 2. 3. 6 Maximum  speed.  - The  data  obtained  on  maximum  speed 
from  the  electric  vehicle  track  tests  are  shown  in  table  3-8.  The 
maximum  speed  shown  is  the  average  speed  that  can  be  maintained  by 
the  test  vehicle  for  two  laps  around  the  track  without  overheating 
the  motor  components.  As  shown  in  the  table,  almost  a factor  of  2 
variation  in  the  maximum  speed  was  measured  for  the  test  vehicles. 
Maximum  speed  is  shown  to  be  primarily  a function  of  the  battery 
power  delivered  to  the  wheels  and  the  aerodynamic  losses  of  the 
vehicle.  Those  vehicles  in  which  large  amounts  of  power  can  be 
delivered  to  the  vehicle  relative  to  the  aerodynamic  losses  of  the 
vehicle  would  be  expected  to  have  high  maximum  speeds. 

3. 2. 3. 7 Payload.  - Payloads  for  the  electric  vehicles  tested 
are  stated  in  table  3-9.  The  payload  was  taken  to  be  the 
difference  between  the  manufacturers*  recommended  gross  vehicle 
weight  and  the  curb  weight  (empty  weight)  of  the  vehicle.  A 
passenger  vehicle  must  be  able  to  carry  68  kilograms  (150  lbm)  per 
person  plus  about  25  kilograms  (55  lbm)  for  luggage.  The  payload 
capability  of  many  of  the  passenger  vehicles  was  limited  to  one  or 
two  people.  As  would  be  expected,  most  commercial  vehicles  have 
greater  payload  capabilities  than  passenger  vehicles. 

3.2.4  Braking  and  Driveability 

Braking  tests  were  conducted  on  some  of  the  test  vehicles  in 
accordance  with  the  ERDA  test  procedure.  The  test  results  are 
shown  in  table  3-10.  All  but  one  of  the  twelve  vehicles  tested, 
despite  their  relatively  high  gross  weights,  passed  all  the  moving 
braking  tests.  Most  vehicles  did  not  pass  the  parking  brake  test 
as  delivered  but  did  pass  the  test  after  the  parking  brake  was 
adjusted. 
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imz  3-8.,  - tEASOFED  MUOMM 


BIRIE  3-9.  - PAYmftD 


Vehicle 

Kudnm  speed  | 

code 

km/h 

irph 

P-1 

58 

36 

P-2 

64 

40 

P-3 

80 

50 

P-4 

56 

35 

P-5 

48 

30 

P-6 

88 

55 

P-7 

90 

56 

P-8 

85 

53 

P-9 

76 

47 

P-10 

51 

32 

P-11 

88 

55 

c-l 

90 

56 

0-2 

56 

35 

0-3 

72 

45 

0-4 

60 

37 

0-5 

64 

40 

0-6 

71 

44 

0-7 

56 

35 

0-8 

50 

31 

0-9 

64 

40 

0-10 

84 

52 

0-11 

— 

— 

0-12 

56 

35 

Vehicle 

Payloa 

d 

kg 

lira 

P-1 

141 

Tio“ 

P-2 

191 

420 

P-3 

272 

600 

P-4 

272 

600 

P-5 

100 

220 

P-6 

153 

338 

P-7 

277 

610 

P-8 

272 

606 

P-9 

218 

480 

P-10 

204 

450 

P-11 

213 

470 

O-l 

1C8 

370 

0-2 

315 

695 

0-3 

801 

1765 

0-4 

440 

970 

0-5 

340 

C-6 

295 

C-7 

259 

0-8 

224 

494 

0-9 

374 

825 

0-10 

719 

1584 

0-11 

302 

665 

0-12 

454 

'TABLE  3-10.  - StMRIK  OP  BRAK2W3  TESTS 


Vehicle 

Test  speed 

Straight-line 

km/h 

m 

ft 

P-1 

31 

15 

50 

P-2 

30 

14 

46 

35 

19 

61 

P-4 

48 

30 

14 

45 

56 

35 

19 

63 

P-7 

48 

30 

15 

49 

BO 

50 

42 

139 

P-8 

48 

38 

18 

60 

P-9 

48 

30 

16 

52 

80 

50 

49 

161 

O-l 

48 

30 

16 

54 

' 04 

52 

61 

200 

C-2 

48 

30 

16 

52 

0-3 

48 

30 

23 

74 

69 

43 

40 

130 

d-5 

72 

45 

35 

114 

, bo 

50 

43 

140 

0*7 

48 

30 

14 

47- 

64 

40 

24 

78 

0-8 

' 4B 

30 

12 

40 

53 

33 

15 

49 

Wet-tum 

stopping  distance 

m* 

ft 

16 

54 

22 

73 

22 

71 

Wat  Parking 

recovery  brake 
test  test 


Passed  Passed 


Passed 

Passed  ' 

Passed0 

Failed 

Passed0 

Failed 

5?equired  brake  pedal  pressure  in  excess  c£  allowable  ireudjiun  for  3-it/s  (10-ft/s  ) step. 
"Vehicle  did  rob  stop  in  a controlled  manner  within  3.7  n (12  ft)  lane. 
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The  driveability  of  the  electric  vehicles  tested  was 
noticeably  different  from  that  of  conventional  automobiles.  The 
most  noticeable  characteristic  was  the  poor  acceleration  (see 
table  3-6).  The  limitation  on  acceleration  (and  maximum  speed) 
for  most  vehicles  would  cause  driver  concern  about  the  lack  of 
ability  to  move  out  of  a tight  traffic  situation.  The  tested 
vehicles  also  were  more  difficult  to  steer f having  a tendency  to. 
understeer  as  compared  with  conventional  automobiles.  None  of  the 
vehicles  had  power  steering.  Some  of  the  vehicles  tested  did  have 
vacuum-assist  brakes  powered  from  an  electric  vacuum  pump.  Those 
vehicles  that  did  not  have  power  braking  required  a noticeably 
higher  foot  pedal  pressure  to  stop  than  conventional  vehicles 
without  power  braking.  This  was  due  to  the  greater  weight  of  the 
electric  vehicles. 

3.2.5  Track  Operating  Experience 

Most  of  the  vehicles  tested  by  NASA  at  test  tracks  in  1977 
during  the  vehicle  checkout,  range,  acceleration,  and  braking 
tests  accumulated  about  1000  kilometers  (600  miles);  a few 
accumulated  1600  kilometers  (1000  miles).  Vehicles  tested  by  NASA 
in  1975  and  1976  accumulated  less  mileage. 

Each  vehicle  tested  experienced  some  degree  of  difficulty 
that  would  have  prevented  routine  operation  of  the  vehicle  on 
public  roads.  Since  many  of  the  vehicles  tested  were  one  of  a 
kind,  or  were  from  very  limited  production  runs,  it  is  not 
surprising  that  difficulties  were  encountered  during  testing. 

Many  of  the  vehicles  tested  had  been  operated  less  than  300 
kilometers  (180  miles)  before  delivery  to  the  test  track  and  never 
had  operated  under  the  conditions  prescribed  in  the  test 
procedure.  On  the  other  hand,  the  vehicles  that  had  undergone 
relatively  extensive  development  testing  prior  to  the  track  tests 
experienced  fewer  problems. 

The  types  of  problems  encountered  with  the  track  vehicles 
were  as  follows: 


Problem 

Number  of 
occurrences 

Motor  failure 

(or  overheating) 

6 

• 

Controller 

malfunction 

Battery  charger 
failure  (or 
malfunction) 

Batteries 

1 

Puses  and  circuit 
breakers 

4 

61 


Various  other  vehicle  problems , for  example,  brake  drag  and 
cooling  fan  failures , also  occurred . 

, large  number  of  failures  encountered,  several  per  1000 

kilometers  (620  miles),  revealed  the  lack  of  maturity  of  most  of 
the  electric  vehicles  tested  as  compared  with  conventional 
automobiles*  in  the  opinion  of  the  test  personnel,  most  of  the 
vehicle  problems  that  were  encountered  could  be  solved  by 
improvements  in  the  manufacturing  process,  assembly,  quality 
control,  and/or  proof  testing  of  the  vehicles. 

3.2.6  Safety 

Electric  vehicles  present  unique  safety  requirements 
primarily  because  the  average  driver  lacks  experience  with  the 
high  voltage  components  and  batteries.  These  safety  requirements 
include 

(1)  Protection  against  high  voltages  that  exist  at  numerous 
......  places  within  most  vehicle  systems,  which  present  the 

potential  of  electrical  shock  hazards 

(2)  Protection  against  high  currents  and  temperatures  that 
may  result  from  shorting  two  exposed  contacts  within  the 
system 

(3)  Prevention  of  the  accumulation  of  hydrogen  gas  that  is 
generated  during  the  charging  of  lead-acid  batteries 

The  electric  vehicles  tested  operated  in  voltage  ranges  of  48 
t0  216  volts.  These  voltages  could  be  hazardous  under  certain 
*L^10I?S • , Many  of  the  disconnects  on  the  vehicles  tested  were 
either  difficult  to  reach  or  difficult  to  separate  and  reconnect 

u So?e  vehicles  had  no  disconnects.  The  hazards  presented 

by  these  voitages  when  servicing  or  repairing  the  vehicle  may  be 
reduced  by  supplying  proper  disconnects  to  completely  isolate  the 
battery  from  the  system.  Of  course,  the  disconnect  must  be 
designed  for  easy  operation  without  exposure  to  high  voltage. 

Electric  shock  hazards  also  can  be  reduced  by  using  plug-in 
electrical  connectors  with  no  exposed  high  voltage  surfaces  and  by 
using  batteries  with  a minimum  number  of  exposed  terminals. 

Battery  chargers  should  be  supplied  with  fault  interrupters  on 
both  the  input  and  output  sides  of  the  charger. 

Dropping,  or  accidentally  touching  a conductive  metal  object, 
such  as  a tool,  across  exposed  battery  terminals  can  produce  a 
high  current  surge  that  can  cause  high  local  heating.  This  high 
local  heating  may  melt  a portion  of  the  conducting  material  and/or 
cause . serious  burns.  For  example,  during  one  track  test,  when 
removing  the  battery  pack  the  case  ruptured  when  the  terminals 
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inadvertently  were  shorted.  The  probability  of  high  current 
accidents  can  be  reduced  by  using  protected  terminals  and  well 
designed  disconnects.  Tools  and  battery  handling  equipment  also 
must  be  insulated. 

Adequate  ventilation  must  be  provided  around  the  battery 
while  charqinq  so  as  to  eliminate  the  possibility  or  an 
accumulation  of  explosive  mixtures  of  hydrogen,  Ventilation  mu 
be  provided  within  the  vehicle  as  well  as  within  the  garage 
which  the  vehicle  is  housed. 


3.3  USER  EXPERIENCE 

This  section  documents  the  results  of  surveys  to  gather  data 
and  information  on  the  experience  of  individuals  and  organizations 
who  have  operated  electric  vehicles  under  field  conditions.  In 
some  instances  vehicles  have  been  introduced  into  normal  service, 
while  in  other  instances  they  have  been  part  of  a planned 
demonstration  program  to  acquire  field  data  on  electric  vehicles. 
Electric  automobiles,  delivery  vans,  and  buses  operating  in  Doth 
tne  united  States  and  foreign  countries  have  been  included  within 
the  scope  of  this  phase  of  the  study. 

The  purposes  of  this  study  were  as  follows: 

(1)  To  determine  the  performance  of  present  state-of-the-art 
equipment  in  actual  day-to-day  use 

(2)  To  compare  the  experience  in  field  operations  with 
results  obtained  under  controlled  test  track  conditions 


(3)  To  identify  the  problems  experienced  by  users  and  define 
equipment  limitations  in  order  to  assist  in  formulating  a 
responsive  electric  and  hybrid  vehicle  research  and 
development  program 


In  addition,  although  intended  as  a market  survey,  the  study  also 
noted  consumer  acceptance  of  the  electric  vehicle  concept. 


Information  concerning  domestic  operation  of  electric 
passenger  and  commercial  vehicles  was  obtained  by  the  Jet 
propulsion  Laboratory  through  site  visits,  telephone  contacts,  a 
survey  questionnaires  mailed  to  electric  vehicle  users  (appendix 
D) . Experience  with  the  operation  of  passenger  buses  m the 
United  States,  the  United  Kingdom,  Germany,  France,  and  Japan  was 
obtained  through  a survey  conducted  by  Trans  Systems  Corporation 
under  contract  to  the  Department  of  Transportation?  the  survey 
results  were  primarily  based  on  site  visits  (ref.  7).  Time  and 
funding  limitations  prevented  surveying  foreign  cars  and  delivery 
vans  to  the  same  depth.  Information  on  this  latter  group  was 
based  on  field  visits  conducted  by  the  ERDA  and  NASA  staffs,  thv- 
published  literature,  and  some  telephone  contacts. 
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3.3.1  Who  Uses  Electric  Vehicles? 

Electric -vehicles  are  presently  providing  transportation 
services  throughout  the  United  States  and  numerous  foreign 
countries  (ref.  8).  Two  user  surveys  in  the  United  States 
'identified  nearly  450  electric  vans,  1700  electric  automobiles, 
and  13  electric  buses  that  are  either  presently  in  operation  or 
were  in  operation  within  the  past  fev?  years  (appendix  D and  ref. 
7). 


In  the  United  States,  the  largest  number  of  electric  vehicles 
in  operation  are  CitiCars,  small  two-passenger  vehicles 
manufactured  by  the  Sebring-Vanguard , Inc.,  which  were  purchased 
primarily  by  individuals  for  use  as  second  cars.  Experience  with 
electric  vans  was  obtained  from  a large  program  being  conducted  by 
the  United  States  Postal  Service  (USPS)  to  evaluate  electric  van 
use  for  local  mail  delivery  and  from  a demonstration  program  being 
conducted  by  64  electric  utilities  under  the  leadership  of  the 
Electric  Vehicle  Council  (EVC).  Use  of  electric  vehicles  for  bus 
transportation  has  been  quite  limited  and  centers  mainly  on  the 
Electrobus r a 20  to  30  passenger  vehicle  that  has  been  providing 
service  in  several  localities  since  1973. 

Overseas  the  electric  vehicles  have  been  used  in  Great 
Britain  for  more  than  20  years,  primarily  as  delivery  trucks  for 
the  dairy  industry.  Today  this  fleet  includes  nearly  40  000 
vehicles  (ref.  9).  Foreign  electric  utility  industries  have  been 
active  in  electric  and  hybrid  vehicle  development.  In  Germany, 
the  GES  consortium  has  50  electric  vans  and  22  buses  in  operation. 
In  addition,  about  44  electric  buses  have  provided  transit 
services  in  England,  France,  and  Japan  (ref.  7). 

3* 3.1.1  United  States  experience.  - Table. 3-11  summarizes 
the  users  of  electric  passenger  and  commercial  vehicles  within  the 


TABLE  3-11.  - DCMESTIC  USERS  OF  ELECTRIC  VEHICIES 


Type  of 
vehicle 

Postal 

service 

Other 

goverranent 

agencies 

Transit 

agencies 

Water  and 

electric 

utilities 

Resort  areas 

Private  cwners 

Vehicle  name  (ntirber  in  use) 

Autcrrobila 

EVA  Metro  (3) 
Zagato  Elcar  (6) 

EFP  MARS  II  (33) 

EVE  Islander 
(25) 

BsZ  Electra 
King 

Sebring-Vanguard 
CitiCar  (1500) 

Zagato  Elcar 
(100) 

Van 

Harbilt  (31) 

AM  General 
DJ-5E  Elec- 
truck  (295) 

Otis  P-500  (2) 

Battronic  (112) 
CDA  (1) 

Bus 

Electrobus  (1) 

Elcctrobus  (6) 
Battronic  (6) 
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United  States.  For  each  type  of  user,  the  vehicle  manufacturer, 
model,  and  approximate  number  of  vehicles  in  operation  are 
indicated. 

Automobiles: 

As  shown  in  table  3-11,  electric  automobiles  in  use  in  the 
United  States  include  the  CitiCar,  Elcar,  EVA  Metro  Sedan,  Mars 
II,  EVE  Islander,  and  Electra  King.  Four  of  these  vehicles  are 
built  from  the  ground  up  as  electric  vehicles.  The  EVA  Metro 
Sedan  and  the  Mars  II  are  conversions  of  small  imported 
conventional  sedans  to  electric  vehicles.  The  numbers  of  electric 
passenger  vehicles  shown  on  table  3-11  are  based  on  car 
registration  data  and  surveys  of  electric  vehicle  owners.  It  is 
estimated  that  the  number  of  CitiCars  (fig.  3-12)  presently  in  use 
is  nearly  1500,  by  far  the  largest  number,  while  Elcars  number 
around  100,  the  second  largest  group  (appendix  D) . 


Figure  3-12.  - Two  CitiCars  being  charged. 


The  Mars  II  vehicle,  produced  by  Electric  Fuel  Propulsion 
Corporation  of  Michigan,  is  a conversion  of  a Renault  RIO. 
Electric  Fuel  Propulsion  is  reported  to  have  produced  80  electric 
vehicles  from  1967  to  1977,  45  of  which  were  the  Mars  II 
conversions.  Thirty-three  of  these  conversions  were  purchased  by 
24  utility  companies  as  part  of  an  electric  vehicle  evaluation 
program  (appendix  D) . 

Twenty-five  “Islander"  vehicles  were  built  by  the 
Electromotion  Company  of  Massachusetts  to  meet  the  specific 
requirements  of  the  Sea  Pines  Plantation  Company  of  South 
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Carolina.  Sea  Pines  Plantation  is  a 5200-acre  resort  and  leisure 
community  which  purchased  the  vehicles  for  rental  to  individuals 
for  transportation  about  the  resort  and  to  nearby  facilities  in 
tne  area.  Seven  of  tne  25  vehicles  were  used  by  the  Plantation 
Company  for  its  own  personnel  and  delivery  requirements,  while  the 
remainder  were  rented  to  the  public. 

The  other  users  of  electric  automobiles  have  been  government 
agencies.  For  example,  ERDA  has  been  evaluating  three  EVA  cars 
which  are  being  used  to  transport  personnel  in  the  Washington, 

D.C.  area.  The  Fermi  Laboratory  of  Stockton,  California,  has 
purchased  six  Elcars  for  personnel  transportation  within  its 
laboratory  facilities. 

Identification  of  the  total  number  of  electric  vehicles  in 
use  is  complicated  by  the  fact  that  a large  number  have  been 
"homebuilt"  by  individuals  for  their  own  use  or  experimentation. 
These  are  estimated  to  number  between  several  hundred  and  several 
thousand  within  the  United  States.  Because  of  the  special-purpose 
nature  of  these  vehicles,  they  have  not  been  included  in  the  user 
assessment  presented  in  this  section. 

Commercial  Vehicles  - Vans: 

Tne  USPS  electric  vehicle  program  constitutes  the  largest 
planned  demonstration  of  electric  commercial  venicles  in  the 
United  States.  Two  different  vehicles  have  been  involved  in  the 
program.  Thirty-one  Haroilt  electric  delivery  vans  have  operated 
since  1973  out  of  a single  post  office  in  Cupertino,  California. 

In  1974  tne  USPS  ordered  352  additional  delivery  trucks  built  by 
Art  General  (fig.  3-13).  To  date,  295  of  these  have  been  used  for 
postal  delivery  service  in  22  offices  throughout  the  United  States 
(ref.  10). 


r 


Figure  3-13.  - AM  General  DJ-5E  Flectruck  at  a charging  station. 
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Another  program  involving  delivery  vans  has  been  conducted  by 
the  EVC • The  EVC , which  was  formed  in  1968  by  the  Edison  Electric 
Institute,  initiated  its  Work  Vehicle  Program  in  1970  to  develop  a 
battery-powered  van  for  use  in  short-range  multistop  missions. 

One  hundred  and  seven  vehicles  were  produced  by  the  Battronic 
Truck  Corporation  under  this  program  in  1974  and  delivered  to 
utilities  for  evaluation  (ref.  11).  In  addition  to  these  107 
vans,  individual  utilities  purchased  another  5 Battronic  vehicles, 
making  a total  of  112  Battronic  vans  operating  at  64  utilities.  A 
Battronic  van  is  shown  in  figure  3-14. 


Figure  3-14.  - Battronic  van  in  Electric  Vehicle  Council's  Work  Vehicle  Program. 


Other  efforts  with  vans  in  the  United  Stater  have  been  much 
more  limited.  Two  Otis  vans  have  been  operated  at  NASA  Lewis  in 
Cleveland,  Ohio,  since  March,  1975  (memo  from  R.  J.  Denington, 

NASA  Lewis,  to  D.  Richie,  Jet  Propulsion  Laboratory).  The  Copper 
Development  Association,  an  industry  group,  has  designed  an 
experimental  battery-powered  van  that  was  tested  for  2 years  in 
routine  daily  use  by  the  Water  Department  of  Birmingham,  Michigan 
(ref . 12) . 

Buses : 

Use  of  electric  buses  within  the  United  States  has  not  been 
extensive.  Three  Electrobus  vehicles  currently  are  operating  in 
Long  Beach,  California,  three  on  Roosevelt  Island  in  New  York,  and 
one  is  being  operated  by  the  National  Capital  Park  Service  to 
carry  personnel  between  agency  offices  in  Washington,  D.C. 
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Bafc.tr on ic  also  has  developed  a bus  that  has  been  operated  in 
several  cities*  including  a Model  Cities  Demonstration  Program . 
using  six  vehicles  in  Lansing , Michigan*  However,  the  Bafctronic 
buses  are  no'  longer  in  service  in  Lansing. 

Summary  of  United  States  Experience: 

Summarized  in  figure  3-15  is  the  present  electric  vehicle 
usage  in  the  United  States  in  terms  of  kilometers  traveled. 

Modern  electric  automobiles  are  estimated  to  have  traveled  over  6 
million  kilometers  (3.7  million  miles).  The  greatest  percentage 
of  this  travel  has  been  associated  with  privately  owned  vehicles 
used  for  personal  transportation.  Electric  vans,  by  comparison, 
have  logged  approximately  1.3  million  kilometers  (0.8  million 
miles) , while  buses  have  operated  an  estimated  250  000  kilometers 
(155  000  miles) * 


Figure  3-15.  - Distance  traveled  by  electric  vehicles  in  the  United  States. 
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Both  the  vehicle  duty  cycle  and  the  total  vehicle  usage  are 
very  modest  when  compared  with  other  transportation  modes  in  the 
United  States  (fig.  3-16).  Annual  mileage  for  electric  vehicles 
is  low,  typically  5000  kilometers  (3000  miles)  per  vehicle  each 
year,  compared  with  an  average  18  000  kilometers  (11  000  miles) 
per  year  for  the  American  automobile  and  94  000  kilometers  (58  000 
miles)  per  year  by  interstate  buses.  The  total  annual  travel  for 
electric  vehicles  has  been  increasing  rapidly  and  is  presently 
estimated  to  be  approaching  8 million  kilometers.  This  compares 
with  over  640  million  kilometers  (400  million  miles)  recorded  each 
year  by  rapid  rail  or  subway  cars,  over  2.4  billion  kilometers 
(1.5  billion  miles)  by  transit  buses,  1.4  billion  kilometers  (0.9 
billion  miles)  by  interstate  buses,  and  1.6  trillion  kilometers  (1 
trillion  miles)  per  year  by  private  automobiles. 


Total  annual  distance  traveled,  mile 


Total  annual  distance  traveled,  km 
Figure  3-16.  - Vehicle  travel  in  the  United  States. 
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3* 3. I; 2 Foreign  experience,  - Table  3-12  summarizes  foreign 
activity  with  electric  automobiles,  commercial  vehicles,  and 
buses . The  number  of  vehicles  in  service  is  shown  in  parentheses. 
The  320  vehicles  built  by  Japanese  firms  for  Expo  70  in  Osaka, 
Japan,  are  not  included  in  this  table  because  they  are  no  longer 
in  service*  There  is  a great  deal  of  prototype  and  developmental 
activity  in  process  overseas.  These  exprimental  vehicles  have  not 
been  included  in  the  table,  unless  operating  experience  and 
in-service  data  were  available. 


'E&BLE  3-12.  - FOREIGN  USERS  OF  ELECTRIC  VEHICLES 


Type  of 
vehicle 

Great  Britain 

Franco 

West  Germany 

Japan 

Netherlands 

Sweden 

Italy 

Vehicle  name  (number  of  vehic^s  in  use) 

Automobile 

Enfield  (63) 

EDF  (90) 

Passenger 
cars  (111) 

Witkar  (35) 

Volvo  (2) 

Elcar  (500) 

Van 

Lucas  CF  (14) 

Milk  floats3 
(35  000) 

Delivery3 

(5000) 

Chloride  (1) 

Pestafefcbe 

SOVEL 

AR-19 

(400) 

COB  (30) 
CGE  (43) 

Mercedes  (30) 

VW  Electro- 
trans- 
porter (20) 

Vans  and 
trucks 
(356)c 

Minibuses 

(21)  c 

Saab/AGA  (3) 

Fiat  (2) 
Vespa  (7) 

Bus 

Lucas  (1) 
Chloride  (1) 
Crorpton  (2) 
Ribble  (1) 

bees 

M.A.N.  (20) 
Dernier  (3) 
Mercedes  (2) 

Isuzu  (2) 

Mitsubishi 
0B  13  (1) 

Hino  (l) 

Mitsubishi 
ME  460  (4) 

Kawasaki  (4) 

aManufacturers  include  Harbilt  Electric  Vehicles,  Ltd.;  Crcrrpton  Electricars,  Ltd.;  Ross  Asto;  Smith's  Elec- 
tric Vehicles,  Ltd. ; W&E  Vehicles. 

Manufacturers  include  Daihatsu,  Suzuki,  TOyo  Kogyo,  and  Nissan. 


cT4anufacturers  include  Daihatsu,  Suzuki,  Toyo  Kogyo,  Mitsubishi,  Itoyota,  and  Nissan. 


Automobiles: 

The  largest  foreign  manufacturer  of  electric  automobiles  is 
Zagato,  an  Italian  firm  that  has  produced  approximately  500  small 
two-passenger  electric  vehicles  known  as  Elcars  for  sale  primarily 
to  individual  owners  in  Europe  and  the  United  States.  A larger 
version  of  the  Elcar  recently  has  been  announced  with  a van  model 
also  being  offered. 

In  Great  Britain,  the  United  Kingdom  Electricity  Council 
contracted  with  Enfield  Automotive  to  supply  20  cars  for 
demonstration  use  by  area  electricity  boards  (USPS  data  sheet  on 
their  electric  vehicles  provided  to  Jet  Propulsion  Laboratory). 
Since  February  1967  these  vehicles  have  been  in  operation 
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throughout  England  and  Wales.  A total  of  80  Enfield  cars  have 
been  produced  and  are  in  use  in  various  locations  throughout  the 
world.  Enfield  Automotive,  however,  is  no  longer  in  business. 

French  efforts  include  the  work  of  the  Electricite  de  France 
( EDF ) Group  who  have  been  testing  converted  Renault  R4  and  R5 
automobiles  (see  fig.  3-17)  in  French  cities  for  several  years 
(ref.  13).  About  90  vehicles  have  been  built  to  date.  Fifty-four 
were  used  during  1973  and  1974  by  EDF  employees  to  make  customer 
service  calls  in  Paris  and  its  suburbs. 


Figure  3-17.  - Renault  R4's  on  charge  in  France. 


For  several  years  after  World  War  II  Japan  had  approximately 
4000  electric  vehicles  in  use  throughout  the  nation.  As  gasoline 
became  more  plentiful  in  the  1950's,  electric  vehicles  decreased 
in  popularity  until,  by  1976,  there  were  only  111  electric 
passenger  cars  registered  in  Japan  (T.  J.  McGean  and  Louis 
Schmidt,  discussion  and  review  of  Jet  Propulsion  Laboratory  files, 
June  1977).  In  the  late  1960's  concern  over  air  pollution, 
traffic  congestion,  and  petroleum  scarcity  caused  renewed  interest 
in  electric  vehicles.  By  1970,  30  prototypes  of  different  sizes 
and  configurations  had  been  developed  by  private  industry. 
Considerable  impetus  was  given  to  this  effort  by  the  decision  to 
ban  gasoline-powered  vehicles  from  the  1970  World  Exposition  held 
in  Osaka.  As  a result,  320  electric  cars  and  trucks  were  built 
and  operated  at  the  Expo  70  site  (ref.  14).  The  Japanese 
government  has  given  further  support  to  electric  vehicle 
development  by  establishing  a National  Research  and  Development 
Program  under  the  Ministry  of  Trade  and  Industry  (MITI). 
Approximately  $19  million  has  been  allocated  over  the  period  from 
1971  to  1977  for  the  development,  testing,  and  demonstration  of  a 
variety  of  automobiles,  vans,  trucks,  and  transit  buses.  A second 
phase  of  the  project  has  been  under  way  since  1975.  This  program 
is  discussed  further  in  section  3.4. 
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Figure  3-18.  - A Witcar  station  in  Amsterdam. 


One  interesting  experiment  has  been  the  Co-op  Association 
Witkar  program  in  Amsterdam  (based  on  trip  notes  of  R.  Kirk  of 
ERDA,  Washington,  D.C.).  Since  March  1974,  35  small  390-kilogram 
(860-lb)  electric  vehicles  have  been  available  for  rent  from  five 
stations  in  the  urban  center.  One  station  is  shown  in  figure 
3-18.  Payment  of  a one-time  fee  of  50  guilders  (approximately 
$20)  provides  a membership  in  the  association  and  a magnetically 
coded  plastic  membership  card.  When  this  card  is  inserted  into  a 
computerized  vehicle  management  system  it  serves  as  a Witkar  key. 
Rental  fees  are  automatically  computed  and  members  are  billed 
monthly.  There  are  presently  4200  members  of  the  Witkar  system. 
The  rental  fee  is  1 guilder  (40  cents)  for  10  minutes  of  use. 

Trips  are  typically  about  1 to  3 kilometers  (0.6  to  1.7  miles). 

The  Association  plans  to  expand  from  5 to  10  stations  with  100 
vehicles  in  operation  in  the  near  future. 

Commercial  Vehicles  - Vans: 

Great  Britain,  the  world  leader  in  the  use  of  electric 
delivery  vehicles,  has  been  using  them  commercially  for  over  20 
years.  The  dairy  industry  has  35  000  electric  "milk  floats"  (fig. 
3-19)  in  daily  service.  Electric  vehicles  are  also  used  for 
delivery  service,  street  cleaning,  and  refuse  collection  as  well 
as  mobile  canteens.  There  are  many  established  vehicle  suppliers 
in  Great  Britain  who  are  engaged  in  manufacturing  and  testing 
electric  delivery  vans,  buses,  and  personnel  carriers.  Figure 
3-20  shows  one  of  these  vans. 
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Figure  3-19.  - A "milk  float"  in  England. 


Figure  3-20.  - A Harbilt  Postal  Service  van  at  charging  station 
in  the  United  States. 


In  West  Germany,  the  GES  ( Gesel lschaf t Fur  Elektrischen 
Strassenverkehr  M.B.H.),  a subsidiary  of  the  largest  utility 
company  RWE  ( Rheinisch-Westfal isches  Elektr iz itatswerk , A.G.),  has 
been  cooperating  with  a consortium  of  electrical  equipment, 
battery,  and  machinery  companies  to  develop  electric  vehicles 
suitable  for  short-haul  delivery  in  urban  areas.  A fleet  of  20  VW 
Electrotransporters  has  been  in  service  since  late  1973,  some  of 
them  are  shown  in  figure  3-21.  Fifty  additional  vehicles  are 
scheduled  to  be  available  by  September  1977.  Thirty  Daimler-Benz 
vehicles  have  been  in  regular  service  since  the  end  of  1975  with 
the  addition  of  30  more  planned.  GES's  primary  aim  has  been  to 
collect  technical  and  economic  data  on  these  in-service  vehicles 
in  order  to  evaluate  their  performance  and  measure  their  potential 
large-scale  applicability.  Except  for  the  initial  tests  at  the  VW 
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(a)  Part  of  a fleet. 


(b)  Battery  pack  being  removed. 

Figure  3-21.  - Volkswagen  Electrotransporters. 


facility  in  Wolfsburg,  the  VW  vehicles  have  been  operated  in  and 
around  Dusseldorf.  Twelve  of  the  vehicles  were  assigned  to  the 
Public  Works  Department,  while  the  remaining  ones  were  used  by  the 
local  RWE  electricity  supply  authority.  The  Electrotransporters 
have  been  used  primarily  to  transport  materials  and  people  for  the 
inspection  and  maintenance  of  stations.  The  Daimler-Benz  vehicles 
have  been  used  primarily  for  postal  delivery  service.  The 
Daimler-Benz  testing  program  has  been  aimed  towards  increasing  the 
battery  capacity,  and  thus  the  payload  and  range  of  the  vehicle, 
in  order  to  reduce  the  operating  costs. 

In  Japan  Daihatsu  tested  19  electric  delivery  vans  in  an 
experimental  program  in  1976.  The  vans  were  operated  in  Senboku, 
a new  town  in  Japan  situa'.ed  20  kilometers  (12  miles)  south  of 
Osaka.  The  vans  were  used  in  a central  delivery  system  which  was 
successful  in  reducing  delivery  times  and  doubling  productivity 
(ref.  15). 
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The  Asab i-Sh inbun  Press  in  Tokyo,  Japan,  is  experimenting 
with  a fleet  t f battery  and  hybrid  electric  vans  made  by  Daihatsu 
and  Toyo  Kogy  The  vans  are  used  in  delivery  areas  where 
residents  are  -ill  sleeping,.  The  hybrid  trucks  leaving  the 
Setagaya  faci  ifcy  operate  on  batteries  as  they  pass  through  a 
housing  complc  •- , shift  to  internal  combustion  engines  for  the  trip 
into  Tokyo,  and  then  shift  back  to  batteries  for  quiet  deliveries 
through  the  residential  neighborhoods  (ref.  16). 

In  addition  to  the  electric  passenger  automobiles, 
approximately  377  vans,  trucks,  and  minibuses  were  also  registered 
in  Japan  as  of  the  fall  of  1976  (personal  communication  to  H.  W. 
Merritt  from  Chikako  Kimura,  International  Association  of  Traffic 
and  Safety  Sciences,  Tokyo,  Japan,  1977).  Their  use  is  as 
follows: 


Electric  company  service 

60 

Telephone  and  telegraph  corporation  service 

20 

Milk  delivery 

12 

Newspaper  delivery 

220 

Osadano  industrial  area,  Ksyoto 

35 

Local  governments 

30 

Total 

377 

Electric  trucks  have  been  used  for  40  years  in  Prance  for 
domestic  refuse  collection,  and  400  trucks  presently  are  in 
service.  The  Societe  SOVEL  is  a major  supplier  of  these  vehicles. 
Other  ongoing  activities  include  a demonstration  of  20  small 
three-wheeled  COB  vans  assigned  to  maintenance  and  repair  staffs 
of  the  French  utility  EDF  in  the  Paris  area.  The  COB  is  an 
original  design  rather  than  a conversion  of  a conventional 
vehicle. 

There  have  been  two  advance  prototype  vehicle  programs  in 
Italy.  Since  late  1973,  ENEL,  the  Italian  electric  utility,  has 
sponsored  a development  program  with  Fiat.  The  objective  was  to 
design  and  construct  two  identical  vehicles,  one  with  a DC  series 
motor,  the  other  with  a DC  shunt  motor.  A Fiat  850  T light  truck 
was  used  as  the  basic  chassis.  The  vehicle  with  the  shunt  motor 
has  outperformed  the  one  with  the  series  motor  with  regard  to 
range,  speed,  and  climbing  ability.  Although  the  two  vehicles 
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have  been  tested  extensively,  neither  one  has  been  released  for 
general  use  (ref.  17).  The  second  Italian  prototype  is  a 
commercial  three-wheeled  vehicle  patterned  after  the  conventional 
Vespa  Car  (fig.  3-22).  Preliminary  road  tests  have  demonstrated 
that  the  vehicle  has  good  maneuverability,  easy  handling,  and  good 
acceleration. 

Other  overseas  activities  have  included  experimentation  with 
three  Electromotion  vans  by  SAAB  in  Sweden.  This  work,  in 
cooperation  with  the  Swedish  firm  AGA,  is  aimed  at  developing  a 
prototype  for  an  electric  Swedish  Post  Office  delivery  truck. 


Figure  3-22.  - The  Italian  Vespa  electrocar. 


Buses : 

There  has  been  much  more  activity  overseas  with  electric 
buses  than  in  the  United  States.  Forty-four  electric  buses  have 
been  operating  throughout  Europe  and  in  Japan  since  1972.  During 
this  period  the  buses  have  accumulated  3.1  million  kilometers  (1.9 
million  miles)  in  passenger  service. 

The  most  extensive  developments  have  occurred  in  West 
Germany.  A fleet  of  20  M.A.N.  SL-E  Elektro-Buses , one  of  which  is 
shown  in  figure  3-23(a),  provides  total  public  transportation 
along  three  routes  in  Dusceldorf  and  its  suburb  Monchengladbach . 
Batteries  are  carried  in  trailers  behind  the  buses  and  are 
exchanged  at  stations  in  the  maintenance  terminals  ( f ig.  3-23(b)). 
Battery  exchange  is  accomplished  automatically  during  a 5-minute 
rest  period  drivers  are  g*yen  between  runs. 

Similar  bus  systems  have  been  developed  in  Japan. 

Mitsubishi,  Hino,  and  Isuzu  buses  operate  with  automatic  battery 
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(a)  In  route  (Note  battery  trailer). 


ft»  Exchanging  batteries. 

Figure  3-23.  - The  M.A.N.  SL-E  Elektro-Bus  In  Dussektorf,  Germany. 


exchanges  in  Kobe,  Nagoya,  and  Osaka,  respectively.  The  four 
Mitsubishi  buses  in  Kobe  operate  along  five  different  transit 
routes  and  have  accumulated  approximately  322  000  kilometers  (200 
000  miles)  since  September  1975.  Another  Mitsubishi  electric  bus 
provides  transit  service  along  a 23-kilometers  (14-mile)  route  in 
Kyoto.  A fleet  of  four  hybrid  diesel-electric  buses  has  operated 
in  Tokyo  since  November  1972.  These  buses  have  traveled  a total 
of  nearly  402  000  kilometers  (250  000  miles)  in  transit  service. 
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A fleet  of  five  SOVEL  electric  buses  has  L een  operating  in 
Tours,  France,  since  January  1976.  These  buses  operate  on 
10-minute  intervals  over  a figure  eight  route  that  serves  a 
railroad  station,  public  parks,  and  municipal  offices.  Nearly 
100  000  kilometers  (62  000  miles)  have  been  accumulated. 

The  South  Yorkshire  Public  Transport  Executive  in  Sheffield, 
England,  is  currently  operating  four  electric  battery  buses.  This 
fleet  includes  one  Lucas  Midi-Bus,  the  Chloride  "Silent  Rider," 
and  two  Crompton  Midi-Buses  that  have  been  modernized  from  an 
earlier  experiment  sponsored  by  the  Department  of  Industry.  The 
Midi-Buses  operate  on  a central-city  shopping  route,  whereas  the 
larger  Silent  Rider  provides  commuter  service.  A Lucas  bus  is 
shown  in  figure  3-24. 


Runcorn,  a new  town  on  England's  west  coast,  is  served  by  an 
electric  battery  bus  which  operates  on  80  kilometers  (50  miles)  of 
exclusive  busways.  This  bus,  built  by  Ribble  Motor  Services, 

Ltd.,  under  a project  sponsored  by  the  Department  of 
Transportation,  carries  the  batteries  on  a trailer. 

innovations  in  hybrid  and  externally  powered  electric 
vehicles  have  been  under  way  in  West  Germany  and  France.  Dornier 
has  developed  a hybrid  trolley-battery  bus  that  is  used  in 
Essl ingen.  This  bus  uses  existing  wired  routes  but  can  operate 
independently  on  its  battery  supply.  Daimler-Benz  also  developed 
a hybrid  diesel-battery  bus,  two  of  which  are  now  being  tested  in 
We3el,  Germany. 
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3.3.2  How  Are  Electric  Vehicles  Used? 

The  characteristics  and  the  limitations  of  present  electric 
vehicles  have  resulted  in  the  following  patterns  of  use: 


(1)  Daily  distance  traveled  (fig.  3—25):  For  vehicles 

recharged  once  a day,  daily  distances  range  from  a few  kilometers 
to  maximums  of  70  to  80  kilometers  (44  to  50  miles).  Typical 
distances  traveled  vary  from  10  to  65  kilometers  (6  to  40  miles)  a 
day.  Distances  up  to  350  kilometers  (217  miles)  a day  are 
achieved  by  battery  replacement  and  recharge  during  the  day. 


(2)  Recharging:  The  vehicles  generally  are  used  during  the 

day  and  the  batteries  recharged  overnight.  In  some  foreign  buses, 
the  batteries  are  removed  several  times  each  day  and  recharged 
during  these  intervals. 
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Figure  3-25.  - Typical  daily  distance  traveled  for  electric  vehicles. 
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(3)  Distance  between  stops:  For  those  vehicles  in  highly  ( 

routinized  service  , the  scheduled  stops  range  from  1 to  over  25  f 

stops  per  kilometer  (2  to  over  40  stops/mile)  {fig.  3-26). 

Accordingly/  distances  between  scheduled  stops  range  from  0.04  to 

1 kilometer  (0.02  to  0.6  mile)*  Although  the  uses  of  private 
electric  automobiles  cannot  be  characterized  as  simply,  their 
distances  between  stops  are  those  typical  of  the  urban  commuting 
or  shopping  service  in  which  they  are  used » 

(4)  Speed:  The  urban  applications  ordinarily  do  not  require 

speeds  above  the  vehicles'  capabilities  of  50  to  80  kilometers  per  I 

hour  (30  to  50  mph)  ♦ For  some  applications  average  speed  is  very  j; 

low  ~ for  example,  1 to  3 kilometers  per  hour  (less  than  2 mph)  in  I; 

postal  delivery  and  11  kilometers  per  hour  (7  mph)  for  some  buses.  H 
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Figure  3 -Z7,  - Grades  encountered  by  electric  vehicles. 


(5)  Topography;  The  maximum  road  grades  over  which  the 
electric  vehicles  are  driven  (as  shown  by  fig.  3-27)  vary  greatly 
with  the  locality,  values  of  5 percent  or  less  being  quite  common 
and  values  as  high  as  10  percent  being  not  unusual. 

(6)  Climate:  Despite  the  adverse  effects  of  low  temperature 

on  battery  performance,  electric  vehicles  are  in  use  in  all 
regions  of  the  United  States. 

(7)  Annual  distance  traveled:  As  shown  in  figure  3-28, 

electric  automobiles  travel  up  to  5000  kilometers  a year  (3000 
miles).  Buses  and  vans  travel  as  much  as  12  000  to  15  000 
kilometers  a year  (7500  to  9300  miles).  These  distances  are 
increased  to  the  order  of  40  000  kilometers  (25  000  miles)  a year 
for  buses  having  battery  replacement  during  each  day. 
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Figure  3-28.  - Distances  traveled  annually.  (Note:  tensing  Battronic  bus  was  only  operated  4 months. 
Value  given  is  extrapolated  based  on  4 months  data. ) 
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(8)  Fleet  usage:  Electric  vehicles  typically  have  been 
operated  in  small  fleets  (where  a fleet  is  defined  as  a group  of 
vehicles  operating  out  of  a single  maintenance  area)*  Figure  3—29 
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Figure  3-29.  - Fleet  characteristics  for  domestic  electric  vehicle 
operations. 


shows  the  characteristics  of  fleets  operating  in  the  United 
States, 

The  largest  fleets  have  been  in  the  USPS  program  where  fleet 
sizes  have  ranged  from  5 to  99  vehicles.  The  EVC  project  with 
Battronic  vans  has  been  characterized  by  small  groups  of  from  1 to 
6 vans.  The  electric  utility  program  involving  Mars  II 
conversions 'assigned  33  cars  to  24  separate  utilities  with  the 
largest  fleet  being  8 vehicles.  For  private  automobiles, 
typically  only  1 or  occasionally  2 vehicles  are  owned  rather  than 
a fleet. 

The  transit  industry  similarly  has  tended  to  use  only  a few 
electric  buses  per  location.  The  largest  electric  bus  fleet  in 
the  United  States  was  the  6 vehicles  operated  briefly  in  Lansing, 
Michigan. 

3.3.3  Factors  Which  Influence  Electric  Vehicle  Acceptability 

In  addition  to  the  electric  vehicle  range  discussed 
previously,  the  following  factors  influence  the  electric  vehicles 
acceptability:  (1)  battery  life,  (2)  status  of  vehicle, 
development,  (3)  environmental,  and  (4)  comfort,  that  is, 
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driveability  and  amenities*  A detailed  discussion  of  batteries 
may  be  found  In  section  4.7  and  appendix  C;  a brief  discussion  of 
battery  life  is  presented  next.  The  status  of  electric  vehicle 
development  is  discussed  in  section  3.3,4,  Reliability  and 
Maintainability.  The  other  factors,  environmental  and  comfort, 
are  discussed  herein. 

3. 3. 3.1  Battery  life.  - Battery  life  has  been  the  user’s 
b iggest  probie m wit helectric  vehicles  in  the  United  States  and 
Canada.  Of  the  vehicles  surveyed,  only  those  involved  in  the  USPS 
program  have  accumulated  sufficient  use  and  maintained  adequate 
records  to  define  battery  cycle  life.  The  USPS  DJ-SE’s  have  been 
experiencing  a battery  cycle  life  of  about  300  cycles.  The 
manufacturer  is  believed  to  have  identified  and  solved  the  problem 
and  expects  to  be  able  to  achieve  a cycle  life  of  1500  cycles  in 
the  USPS  application.  However,  the  300  cycles  is  representative 
of  the  life  reported  by  most  other  users  of  American-built 
vehicles.  With  the  exception  of  the  USPS  Harbilt  vehicles,  none 
of  those  surveyed  have  been  able  to  get  much  over  9654  kilometers 
(6000  miles)  out  of  a set  of  batteries.  At  the  daily  average 
mileage  of  most  electric  vehicles  this  represents  a cycle  life  of 
250  to  300  cycles.  Many  users  have  reported  much  shorter  battery 
life.  However,  the  Harbilt  vehicles  offer  considerable 
encouragement  as  they  have  all  accumulated  more  than  15  000 
kilometers  (10  000  miles)  without  any  total  battery  replacements 
(a  few  vehicles  have  had  one  or  two  cells  replaced). 

3. 3.3. 2 Environmental  effects.  - Environmental  effects  can 
shorten  battery  life.  Very  high  ambient  temperatures  increase 
water  lost  by  the  battery  and  the  water  loss  reduces  battery 
capacity,  which  increases  the  depth  of  discharge  on  each  cycle  and 
reduces  battery  life. 

Very  low  ambient  temperatures  severely  reduce  battery 
capacity.  For  example,  Hydro-Quebec  of  Montreal,  Canada  (appendix 
D) , found  that  at  -5°  C (23°  F)  their  batteries  had  only  65 
percent  of  the  energy  content  delivered  at  20°  C (68°  F) . At  even 
lower  temperatures  the  energy  deficit  would  be  worse.  Not  only  is 
the  battery's  capacity  diminished  in  cold  weather,  but  the  energy 
demanded  from  the  battery  also  can  increase  in  winter.  Snow  on 
the  road  surface  adds  to  the  power  needed  to  move  the  vehicle. 
Othet  battery  loads  from  a heater,  windshield  wipers,  and  lights 
also  increase  in  winter,  especially  in  the  northern  states.  For 
example,  in  Evansville,  Indiana,  the  USPS  found  that  electric 
vehicle  consumption  of  electrical  energy  (kWh)  increased  in 
January  almost  50  percent  over  that  in  warm  weather;  in  some 
instances,  their  vehicle  could  not  complete  the  assigned  routes  of 
8 to  10  kilometers  ( 5 to  6 miles).  In  Merrill,  Wisconsin,  the 
useful  range  of  a Battronic  bus  dropped  50  percent  in  subzero 
weather  (below  -18°  C (0°  F) ) . 
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The  key  to  mitigating  the  problem  of  high  and  low  temperature 
operation  is  to  control  battery  temperature.  For  high  ambient 
temperatures,  the  batteries  need  augmented  cooling.  For  low 
temperatures,  both  battery  thermal  insulation  and  a means  to  heat 
the  battery  are  needed.  Inasmuch  as  battery  charging  warms  the 
battery,  continuation  of  battery  charging  up  to  the  time  of 
vehicle  use  would  help  substantially  in  very  cold  weather. 

Hills  also  impose  an  added  drain  on  the  battery,  a factor 
contributing  to  reduced  range  and  shortened  battery  life. 

3. 3. 3. 3 Comfort,  driveability,  and  amenities.  - Passenger 
compartment  heating  in  most  electric "vehicles  is  provided  by 
fossil-fueled  heaters  to  avoid  excessive  battery  drain.  In  the 
case  of  the  M.A.N.  electric  buses  operating  in  West  Germany,  fuel 
consumption  for  heating  consumes  as  much  fuel  as  a diesel  powered 
bus.  Inadequate  heating  of  passenger  compartments  of  electric 
vehicles  was  frequently  reported  as  a problem  by  users. 

User  experience  with  electric  vehicles  in  ice  and  snow  is 
varied.  Some  users  have  found  the  heavier  weight  and  lower 
acceleration  capabilities  to  be  well  suited  to  operation  under 
these  conditions.  Other  users  have  reported  vehicle  handling 
problems  serious  enough  that  the  vehicles  are  not  operated  when 
roads  are  icy.  It  is  evident  that  careful  attention  to  weight 
distribution  is  essential  to  preserve  vehicle  handling 
character ist ics . 

Because  of  the  limited  range  provided  by  current  batteries, 
most  electric  cars  are  designed  to  minimize  weight  and  power 
consumption.  As  a result,  there  is  a tendency  to  skimp  on 
accessories  related  to  passenger  comfort.  These  accessories 
include  air  conditioning,  heater  and  defroster,  power  assisted 
steering  or  braking,  and  suspension.  None  of  the  vehicles 
surveyed  were  equipped  with  air  conditioning?  a concern  in  warmer 
parts  of  the  nation. 

Power-assisted  steering  and  braking  usually  are  not  provided. 
This  is  not  a problem  on  the  small  cars  because  of  their  low 
weights.  On  commercial  vehicles  and  buses  it  makes  driving  the 
vehicle  more  difficult.  The  Electrobus  is  equipped  with 
power-assisted  brakes,  but  like  the  other  electric  buses  surveyed 
it  has  a truck  type  of  suspension  using  leaf  springs  instead  of 
the  more  comfortable  air  suspension  used  on  conventional  buses. 

Air  suspension  is  not  used  because  the  air  compressor  consumes 
significant  energy  and  also  adds  additional  weight  to  the  vehicle.,. 

Ride  quality  is  also  a problem  for  some  vehicles. 

Respondents  to  two  separate  surveys  of  electric  vehicle  owners 
cited  poor  ride  or  suspension  characteristics  as  a major  complaint 
(ref.  18  and  appendix  D) . 
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3.3*4  Reliability  And  Maintainability 

Because  they  have  fewer  moving  parts,  it  is  often  claimed 
that  electric  vehicles  are  more  reliable  and  less  expensive  to 
maintain  than  conventional  vehicles.  The  data  collected  on  user 
experience  with  electric  vehicles  in  the  united  States  do  not 
support  these  contentions  as  measured  by  failure  rates  and  repair 
costs  experienced  in  the  field.  These  higher-than-desired  failure 
rates  and  costs  probably  can  be  attributed  to  lack  of  experience 
in  the  electric  vehicle  industry  rather  than  being  inherent  in  the 
nature  of  the  electric  vehicle  concept.  Where  electric  vehicles 
have  a long  history  of  operating  experience,  for  example,  in  Great 
Britain,  their  reliability  and  maintainability  have  been 
excellent. 

3. 3. 4.1  Design  maturity.  - Electric  vehicles  have  been 
produced  by  u.S.  manufacturers  in  such  small  quantities  that  they 
have  not  yet  reached  maturity  as  production  vehicles.  Also,  the 
American  electric  vehicle  industry  itself  is  not  well  established. 
Fewer  than  half  the  manufacturers  producing  vehicles  during  the 
period  1972  to  1975  were  still  in  business  in  1976,  and  over 
two-thirds  of  U.S.  suppliers  have  been  in  the  business  for  less 
than  3 years  (appendix  D) . 

The  result  is  that  user  experience  is  distorted  by 
evolutionary  changes  in  vehicle  design  and  problems  characteristic 
of  prototype  or  development  vehicles.  The  experience  of  the  USPS 
illustrates  this  point.  Numerous  design  and  reliability  problems 
were  encountered  during  early  operation  of  one  type  of  van,  which 
was  designed  in  4 months  by  the  manufacturer.  On  the  other  hand, 
outstanding  reliability  and  performance  were  obtained  with  a 
British  van  (appendix  D)  whose  design  and  construction  evolved 
during  the  production  of  some  40  000  vehicles  in  England.  The 
first  van  averaged  15  times  as  many  failures  as  the  other  Harbilt 
postal  van. 


3. 3. 4. 2 Failure  rates.  - The  failure  rate  for  electric 
vehicles  operating  in  the  United  States,  measured  in  terms  of 
incidents  per  thousand  kilometers  traveled,  has  been  2 to  7 times 
higher  than  for  comparable  conventionally  powered  vehicles.  These 
high  failure  rates  largely  result  from  the  developmental  nature  of 
electric  vehicles  manufactured  in  the  United  States. 

Figure  3-30  shows  failure  rates  per  thousand  kilometers 
traveled  obtained  from  the  operating  records  of  electric  vehicle 
users.  Typical  failure  rates  for  conventional  buses  and  electric 
rail  cars  are  shown  for  comparison.  Present  United  States 
electric  vehicle  failure  rates  are  running  from  1 to  2 per 
thousand  kilometers  (2  to  3 per  1000  miles),  compared  with  0.3  to 
0.5  per  thousand  kilometers  (0.5  to  0.8  per  1000  miles)  for 
conventional  equipment. 


86 


Figure  3-30.  - Failure  rates. 
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Figure  3-31.  - Distribution  of  failure  modes. 
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A notable  exception  is  the  British-built  Harbilt  van  used  by  'j 

the  USPS  in  Cupertino,  California,  These  vans  have  experienced  a j 

rate  of  0,1  per  1000  kilometers  (0.16  per  1000  miles) , five  times 

better  than  any  conventionally  powered  equipment.  In  nearly  18  j 

000  vehicle  days  of  service,  DSPS  records  show  only  33  days  out  of  ; 

service,  an  availability  in  excess  of  99  percent.  f 

* i 

3. 3. 4. 3 Causes  of  failures.  - Records  of  failures  have  been 

kept  for  two  major  electric  vehicle  programs  in  the  United  States  { 

involving  407  vehicles.  In  addition,  230  responses  to  a } 

questionnaire  were  received  from  owners  of  electric  vehicles. 

Figure  3-31  shows  the  distribution  of  causes  of  failure  for  these 

637  vehicles.  I 

The  primary  causes  of  failures  were  associated  with  the  1 

electric  propulsion  system,  its  controls,  and  charging.  These 
failures  represent  91  percent  of  all  incidents  reported  for 
program  A,  .63  percent  of  those  reported  for  program  B,  and  76 
percent  of  those  reported  by  private  vehicle  owners.  Survey 
results  indicate  no  significant  motor  problems  in  programs  A and 
B,  but  private  owners  surveyed  did  report  motor  failures. 

Electrical  problems  were  mainly  concerned  with  the  controller, 
charger,  and  batteries. 

Approximately  half  the  electrical  failures  in  program  A were 
with  the  controller.  All  three  sources  of  information  experienced 
about  the  same  percentage  of  battery  problems.  Mechanical 
problems,  primarily  associated  with  the  braking  system,  represent 
between  a quarter  and  a third  of  the  failures  for  the  private 
vehicles  and  program  B,  respectively.  ‘ 

3. 3. 4. 4 Support  requirements.  - Reported  operating 
experience  with  electric  vehicles  indicates  that  repair  times  are 
quite  short  in  terms  of  man-hours  to  make  the  repair  but  that  long 
delays  in  getting  parts  needed  to  repair  vehicles  are  common.  For 
the  private  vehicle  owners  who  reported  doing  their  own  repair 
work,  the  majority  stated  that  the  vehicle  is  easier  to  repair 
than  a conventional  vehicle  but  that  parts  are  harder  to  get. 

Warranty  repair  records  indicate  that  repairs  for  the  program  A 

vans  averaged  less  than  1 man-hour,  yet  many  vehicles  were  idle  j 

for  weeks  at  a time  awaiting  replacement  batteries  or  parts  for  ! 

the  motor  or  ^controller.  Poor  support  from  manufacturers  or 
dealers  was  a frequent  complaint. 

The  major  scheduled  maintenance  is  for  the  batteries.  Other 
regular  maintenance  includes  lubrication,  brake  adjustment,  and 
tire  inflation. 

3. 3. 4. 5 Battery  maintenance.  - Battery  charging  is  not  in 
itself"" a maintenance  procedure , but  it  does  influence  the  amount 
of  maintenance  required  and  the  way  in  which  it  is  performed. 
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Three  techniques  are  used; 

(1)  The  battery  may  be  recharged  in  the  vehicle  by  a charger 
on  the  vehicle.  In  this  case  the  vehicle  is  plugged  into  any 
available  outlet  of  proper  voltage  and  load  rating,  an  approach 
common  for  passenger  cars.  These  vehicles  could  be  recharged  away 
from  their  home  base,  such  as  at  a commuter  station  or  a shopping 
center,  but  this  is  done  in  only  a few  cases. 

(2)  The  battery  may  be  recharged  in  the  vehicle  by  a charger 
located  in  the  maintenance  facility.  This  eliminates  the  weight 
of  the  on-board  charger  and  is  the  approach  most  commonly  used  for 
commercial  vehicles. 

(3)  The  battery  may  be  removed  and  replaced  with  a fully 
charged  battery  (see  figs.  3— 21 ( b ) and  3—23 ( b) ) . This  approach 
improves  vehicle  use  and  is  common  for  buses  traveling  distances 
beyond  the  battery* s capability.  Table  3-13  summarizes  the 
recharging  techniques  reported  for  various  electric  vehicles  in 
the  United  States. 


TABLE  3-13.  - BATTERY  RECHARGING  TECHNIQUES 


Type  of  vehicle 

Battery  in  vehicle 

Exchange 

battery 

pack 

On-board  charger 

Off-board  charger 

Automobile 

Sebring-Vanguard 

CitiCar 

EVE  Islander 

EFP  Mars  II 

Van 

USPS  AM  General 
DJ-5E  Electruck  - 
option 

EWVP  Battronic 

USPS  Harbilt 

USPS  AM  General 
DJ-5E  Electruck 

CDA 

Bus 

Electrobus 

Ribble 

SOVEL 

Lucas 

Chloride 

Compton 

Mitsubishi  TB  13 

Battronic 
M.A.N.  SL-E 
Mitsubishi  ME  460 
Isuzu  EV  05 
Hino  BT  900 

Normal  battery  maintenance  includes  voltage  and  electrolyte 
level  checks  and  periodic  cleaning  and  watering.  Reported 
maintenance) times  required  to  service  batteries  for  several  fleets 
along  with  the  estimated  battery  service  cost  per  kilometer 
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TABLE  3-14.  - ROUTINE  BATTERY  MAINTENANCE 


Vehicle 

USES  AM  General 
P-J-5E  Electruck 

EP7VB  Battronic  Minivan 
Birmingham  CDA  van 
Long  Beach  Electrobus 


■ Labor,  - Cost, 

(man-hours) /(vehicle-year)  $/km 


traveled  are  shown  in  table  3-14.  The  relatively  low  man-hour 

S^e?nnfhf0r-th?  Au  General  van  results  from  both  the  ease  of 
sx2gle  battery  and  from  the  economies  of  scale  with 
The  cost  of  battery  maintenance  can  be  high  unless 
care  xs  taken  xn  vehicle  design  and  maintenance  planning  in  order 

clefning  e5feotlve  teehni<3“es  for  filling,  changing,  2nd  ^ 


0.5  (kWh/km)/1000  kg 


0. 25  (kWh/km)/lC00  kg 


Chloride  bus  15  (kWh/km)/1000  kg 


. 2.0 

a 

o 


USPS 
Harbilt 
vann  1 


ERDA 

.5^7 


i*USPS  / ^ 
AM  General  van 
0 / 


| Birmingham  CDA  van' 


•Crompton  bus 


1u0  (kWh/km)/1000  kg 


John  Hoke  CitICar 


M.A.N.  bus 
Mitsubishi  A/IH460  bus 
Sovel  bus 
Hino  bus 
isuzu  bus 
Lucas  bus 

Long  Beach  Electrobus 
Lansing  Battronic  bus 
EVC  Battronic  van 
PP&L  Mars  II  car 
Electric  equivalent 
passenger  car 
NASA  Lewis  Otis  van 
Fermi  Lab  Elcar 


Vehicle  weight,  1000  kg 
Figure  3-32.  - Energy  consumption  in  service. 


3.3.5  Energy  Consumption  By  Electric  Vehicles 

The  energy  consumed  by  various  electric  vehicles  has  been 

^tual  ®e™ice  conditions , and  the  reported  results 

d fliUZQ  3“32’.  En®rgy  drawn  from  the  electric  power 
lines  was  measured  by  a residential  type  of  watt-hour  meter  and 

the1  trend 3of  llTT  **  ^ Charger  an*  the  vehid^^Because^f 
the  trend  of  rising  energy  use  with  vehicle  weight,  the  data  were 

kiloaramq^  ln  flgure  3“32  to  show  energy  consumption  per  thousand 
hnn^9«fmSi-i  Enfrgy  consumption  varies  from  0.15  to  0.8  kilowatt 
?K^r^jPer  ^lome^r  Per  1000  kilograms  (0.1  to  0.6  kWh/mile  - 1000 

thiideeendln9  5:hlefly  on  the  service  conditions.  Postal  vans  with 
their  severe  stop-and-go  service  have  fairly  high  energy  use. 

ha.  . additional  factor  is  the  enerqy  used  in  overcharging  the 
II?  general,  the  batteries  are  overcharged  somewhat  in 
actual  service  so  that  full  charge  might  be  assured.  A given 
amount  of  overcharge  represents'  a proportionally  higher  waste  of 

ineHLice  ?hustfcvehio!^9  5echarged  ,was  °nly  slightly  discharged 

the  batterv  Se!: v XCe  only  slightly  discharges 

rne  cattery  are  less  effective  m their  energy  consumDtinn  a 

aCtinnne^fCte<^  ^*9ure  3-32  as  high  values  of  kilowatt-hours 
per  1000  kilometers  per  1000  kilograms. 

3.3.6  Costs  of  Electric  Vehicles 

• . E i f e cycle  costs  of  electric  vehicles  include  initial  costs 

suLS^n^I  neKteIectLn!SCUSSed  *"  dStaU  ^ Append and 

Estimates  of  life  cycle  costs  have  been  made  for  a few  of  the 
user  programs  surveyed  and  result  in  relatively  high  cost  per  unit 
distance  traveled.  These  high  cost  estimates  result  primarily 
fr°in ^he  iugh  initial  cost  of  the  vehicles,  high  failure  rates 
»hW«lfery  life  estimates,  and  the  limited  distances  that 
vehicles  travel.  All  these  are  dependent  on  how  the  vehicles  are 
used  and  the  state  of  electric  vehicle  technology.  Consider Ibll 
uncertainty  also  exists  as  to  what  values  to  use  for  the  costs 

□resented Ymfoh  bat^eFy‘  Thus'  a11  the  cost  estimates 

other  situations?  °arefully  evaluated  before  applying  them  to 

„oh ; 1 — Initial  vehicle  costs.  - Initial  costs  of  electric 

$10  800  inUlQ77Sd  i1?  thS  u"xted  States  ranged  from  $3300  to 

ln  l?7’  dollars.  Cost  of  the  United  States  manufactured 
®1®?trl?  vehicles  was  found  to  be  roughly  proportional  to  vehicle 
$2  70/?hm^fc'  ranglng  5ron!1  $4  to  $6  per  kilogram  ($1.81  to 
conventional  Vehicles?  W1  ab°Ut  $3  PSr  kilogram  (W-35/lbm)  for 
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. . —  1 2  3 ■ 6 » ? — Maintenance  and  repair  costs.  - Reported  routine 
maintenance  costa  vary  considerably  between  electric  vehicle 

2odfX?.a!ldt.ufer  Programs.  This  variation  is  largely  due  to  the 
fact  that  battery  maintenance  is  the  major  component  of  routine 

£or  electric  vehicles  and  that  the  time  required  for 

accelsab1??^^?11^^3  dependent  on  the  number,  size,  and 

1 ?f  b®tfcerles*  Repair  costs  for  the  United  States 
£ave  been  hlgh  due  fco  excessively  high  failure 
rates  andhigh  part  costs.  Individual  failures  do  not  generally 
require  significant  man-hours  for  repair.  However,  failure  rates 
have  been  so  high  and  parts  so  expensive  that  total  annual  repair 
costs  have  been  substantial.  The  best  available  estimates  ofP 
total  annual  maintenance  costs  per  vehicle  experienced  to  date 

with  th^tr^80  t0i^9u?  per  year>  The  lower  costs  are  associated 

Harbilt  postal  van.  The  higher  costs 
the.hl9h  failure  rates  of  the  immature  United  States 
vehicles  and  can  be  expected  to  decrease  with  longer  term 
experience. 

— gpt-gy  costs.  - Energy  costs  constitute  a relatively 
small  portion  of  the  total  annual  cost  or  per  mile  cost  of  y 

vehicles.  For  all  surveyed  casesPtlie  energy  costs  are 
^nprrpnf  1°  percent  of  the  total  cost  and  in  many  cases  less  than 

Inwir rah*  En!;r9Y  costs  vary  with  Power  consumption  and  electric 
power  rates.  Power  consumption  varies  with  the  vehicle,  driving 

cycle,  and  manner  in  which  the  vehicle  is  driven.  Energy  costs 

aPProximately  $0.01  per  kilometer  traveled  for  every 

less  thfn^inn17^  of.  Ye^lcle  weight  and  generally  amounted  to 
less  than  $100  per  vehicle  per  year. 

*nir  i^3*6;4  Battery  replacement  costs.  - Replacement  batteries 
£^rJ^J^eS1C?leS  surYeye^  cost  from  $400  to  $3000.  The  cost  per 
sn1??  driven  varied  from  $0.06  for  the  Harbilt  postal  van  to 
$0.63  for  a large  U.S. -built  van. 

3.3.7  Institutional  And  Social  Factors 

Ba<:aus f electr i c vehicles  are  new  and  not  yet  comparable  to 
conventionally  powered  equipment  in  terms  of  range,  speed, 
acceleration,  and  comfort,  their  successful  introduction  to  public 
°?re£"1  Mention  to  institutional  and  social 

Bxamina!r101?  of  successful  electric  vehicle  introductions 
indicates  the  following  factors  to  be  of  importances 

(1)  Positive  management  and  staff  attitudes  towards  electric 
vehicles 

(2)  Properly  trained  operating  and  maintenance  personnel 

(3)  Use  in  a suitable  application 

(4)  Adequate  service  and  spate  parts 


92 


In  addition,  institutional  obstacles  were  sometimes  encountered, 
such  as  obtaining  appropriate  insurance. 

3.3.8  Consumer  Acceptance  of  Electric  Vehicles 

What  has  been  the  response  of  the  consumer,  those  who  drive 
or  travel  in  electric  vehicles?  The  attitudes  reported  were 
mixed.  The  public  is  enthusiastic  about  the  concept  of  a vehicle 
that  i-s  quiet,  environmentally  sound,  and  an  alternative  to 
petroleum-dependent  transportation.  However,  many  of  those  who 
have  used  the  electric  vehicles  produced  in  the  past  several  years 
are  disappointed  with  their  vehicles.  Present  electric  vehicles 
are  often  viewed  as  poorly  designed,  unreliable,  and  somewhat 
impractical  conveyances,  and  the  support  structure  for  parts  and 
services  is  often  considered  inadequate. 


Consumer  views  on  electric  automobiles  were  obtained  from  a 
survey  (ref.  11).  The  owners  were  generally  males  between  25  and 
55  years  of  age  who  had  been  using  their  electric  vehicles  for 
approximately  1 year  at  the  time  of  the  survey.  The  respondents 
had  numerous  complaints  about  the  quality  of  workmanship,  ride 
quality,  and  performance  of  their  vehicles.  Yet  79  percent  felt 
the  electric  vehicle  met  their  needs  and  an  overwhelming  96 
percent  indicated  they  would  buy  another  electric  vehicle  if  the 
vehicles  were  improved  as  they  suggested.  These  attitudes  are 
corroborated  by  the  response  to  numerous  public  demonstrations  of 
electric  cars  by  public  utilities. 

The  response  of  bus  passengers  in  Long  Beach,  California,  has 
been  reported  as  positive.  Patrons,  who  are  mostly  elderly  and 
retired,  appreciate  the  lack  of  noise  which  makes  it  possible  for 
them  to  conduct  conversations  across  the  bus  with  fellow  riders. 

3.3.9  Summary 

Electric  vehicles,  although  statistically  an  insignificant 
portion  of  the  nation1 s transportation  system,  are  beginning  to 
play  a noticeable  role  in  certain  special  areas  and  have 
accumulated  appreciable  field  operating  experience.  Within  the 
United  States  the  survey  has  been  able  to  identify  nearly  1700 
automobiles,  450  vans,  and  13  buses  in  service  that  have  to  date 
traveled  over  5 million  miles. 

The  most  favorable  applications  of  electric  vehicles  are 
those  which  capitalize  on  the  relative  efficiency  and  the  absence 
of  noise  and  pollution  and  can  effectively  use  the  present  range 
limitations  of  electric  vehicles.  Passenger  cars  are  used  mainly 
for  short  trips  such  as  commuting,  shopping,  and  errands  in 
suburban  areas  with  daily  use  ordinarily  less  than  20  kilometers 
(12  miles).  Commercial  vehicle  applications  include  postal 
delivery,  water  meter  reading,  and  interfacility  errands  at  large 
laboratory  or  industrial  complexes.  Buses,  which  are  in  rather 
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mostlylnlho ^t^oUeotlon^flLfrif ^Snt ' have  been 

and  auto-free  shopping  areas  ^ ' l°n  routes  in  neighborhoods 

characteristics  aS^Sr™^^  ' nonpollut ing 

to  5000  hilometerse(  25001tot3000Vmiles?Sf  "^S  l0W'  rangin9  frora  4000 

annual  utilization  of  18  000ekii'ay  comPared  Wlth  an  average 
conventional  automobiles  and  5n  nnn^f  (11  200  miles)  for 
diesel-powered  transit  buses.  kilometers  (31  000  miles)  for 

conducted  P^a«>  being 

Autos  are  usually  owned  bv  ?nd?vf^^  hav?  t6nded  to  be 
fleets  averagingythree  vehicles  dFleet%a?d  *.ans„ond  buses  are  in 
larger,  ranging  from  5 to  99  vehicle!?  USPS  pr°9rara  are 

overnigh^UUm!tingathei?P^M°rS  prefer  to  ch«9e  their  vehicles 

2 years  of  daily  service  T>h«  ^e^°L  y lfS  °r  approximately  1 to 
can  vary  from  $400  for  L small  ellt ?f-replaf lnf  batteries,  which 
a major  deterrent  to  the  widlL  1 S ri°  Car  to  ?700°  for  a bus,  is 
especially  « 

to  th«"lycS“"!ojS  JLImJm10  vT,tcU‘ l’  r°“9Mlr 

0.4  to  0.7  kilowatt  ho, t Jalues  range  from  as  high  as 

0.5  kWh/mi  - 1000  lbm)  inleavvltnn^  fr  1000  kilograms  (0.3  to 

routes  to  0.1S  kilowatt  hour  oL  ^?  nf'g°  service  °"  Postal 

(0.11  kWh/re i - 1000  1bm)  ?or  10,°?  kilo9rams 

city  traffic.  electric  buses  operating  in  light 

A major  problem  with  many  electric  vph-inioe  «.  • 

united  states  has  been  poor  reliability  !,h-  i operating  m the 
to  inadequate  devplrm-nonf  ~ lability,  which  can  be  attributed 

problem^have  gfven  ellctrl^vehlcl^9,  Tt  ^ testin3-  These 
users.  Where  electric  vehicle  d1ian=  =,bad  r®Putat*°n  with  some 
of /the  British  Harbilt  vans  their  ref .ar?  ™ature'  as  in  the  case 
conventionally  powered  equipment!'  reUabllltV  exceeds  that  of 

the irEconventionallyepowered "counterparts  tW^CS  aS  rauch  as 

cost  is  associated  with  the  labor  2!a2or  mair>tenance 

and  maintenance.  Costs  of  electric  energy  Li  "roughly  "egufvll'e^t 
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to  the  costs  for  gasoline  or  diesel  fu?l  to  operate  conventional 
venicles . ttfhen  comparing  life-cycle  costs  of  electric  and 
conventional  vehicles,  the  determining  factors  are  (1)  the  way  and 
extent  to  which  the  vehicles  are  used  and  (2)  the  lifetimes  of  the 
electric  vehicles  and  propulsion  batteries.  Appropriate  values 
are  the  subject  of  considerable  uncertainty,  but  they  appear  to  be 
considerably  higher  than  the  costs  of  conventional  vehicles  at 
this  time. 

Consumer  attitudes  toward  electric  vehicles  appear  to  combine 
a great  deal  of  enthusiasm  for  the  concept  with  a certain  amount 
of  disenchantment  with  the  performance  and  reliability  of  some  of 
the  models  presently  on  the  market.  Problems  with  design  maturity 
and  with  service  availability  have  been  present  and  must  be  solved 
if  electric  vehicles  are  to  be  more  widely  accepted. 


3.4  LITERATURE  DATA 
3.4.1  Data  Tabulation 

A large  amount  of  performance  data  and  many  physical 
characteristics  of  electric  vehicles  in  existence  today  have  been 
collected  from  the  various  literature  sources  discussed  in  section 
2.  Data  for  personal  cars,  commercial  delivery  vans,  and  buses 
are  summarized  in  tables  3-15,  3-16  and  3-17,  respectively.-  Two 
sets  of  tables  are  presented:  one  in  31  units,  and  one  in  U.  S. 
customary  units.  Domestic  and  foreign  vehicles  are  tabulated  in 
separate  listings  on  each  table.  vUthin  each  listing,  the 
vehicles  are  presented  alphabetically  by  either  manufacturer  or 
owner  name. 
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Manufacturer 


Vehicle 


Amectran  Oo,  Exar-1 

Andersen  Electric  Biird 

Eguiprent  generation 
Braunlicft-EoesalQ  Braun 
Co.  Electric 

Christianson,  M.B.  Eanault  H-loc 

Cqpper  Developrent  CCA  town  Car 
Association 

Bia  ttesh  Corp.  J Electra  Spider^ 
(Elat  850) 

Ctw,  Douglas  I (<2j 

3E  Vehicles  | Sportster0  1+1 

EP  10B 

Electric  Dynamics  I X-2 
Corp,  1 

Electric  | tatsun  1200 

Engineering  „ _ ,* 

1 Kalmark,  CT 

VW  Beetle 

Electric  iucl  I 'Eransforrmr  I 

Eropulsicn  Corp.  „ . . 

e I Electricar 

Mars  IXC 

Electro-Sport  . 
(Hornet  sta- 
tion wagon) 

Electric  Passengerl  Hurmingbird 
Cars/  Inc..  1 

Electric  Vehicle  I Electric  luxury  I 

Associates  | sedan 

Islander 

City  car  (Pinto)j 

Cortina  Estate 
car 

Delta 

512  urban  car 

512  Zn-Ni  urban  I 
car 


Electric  Vehicle 
Engineering 

Ibrd  Motor  Cb. 


General  Electric 
Cb. 

General  Motors 
Corp. 


| Nunber 
of 
| passen- 
gers 


year 


1976  | — 

1976 
1976 

1973 


IB 

Widtl 

Height 

4,6 

1.9 

- _ 

3.7 

• 1.7 

1.7 

4.2 

1.5 

1.4 

3.7 

1.5 

1.4 

4.5 

1.7 

1.8 

2.2 

1.3 

.8 

3.7 

1.6 

1.3 

4.0 

1.5 

1.4 

4.3 

1.8 

1.1 

4.1 

1.5 

1.5 

5.4 

1.9 

1.4 

1 4.5 

1.8 

— 

0 4.4 

1.5 

1.4 

3.9 

1.6 

1.4 

4.4 

1.6 

1.4 

3.2 

1.9 

1.5 

4.4 

1.7 

1.4  1 

3.3 

1.4 

1.5  1 

2.2 

1.4 

1.3  5 

2.2 

1.4 

1.3  5 

Curb 
vreight,  | load, 
fcg 


TOBEE  3-15,  - ETECTRIC 
(a)  SI 

Battery 


816 

1021 

1406 

1293 


862 


1043 


kg  | Weight, 
Jcg 


iype 
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0EO244 
Pb-actd 

Pb-acid 

Pb-acid 
GC-21A 

Pb-acid  | — 
EEP 

Pb-acid 
Pb-acid  I 72 


272 


136 


197 


Pb-acid 
Ni-Cd 

392/26  | Pb-NiCd 

Pb-acid 
Ni-Zn 


notes  brushless. 


AUIH'DBILE  DATA 


units 


Motor 

Controller15 

Transnissicn 

Maximum 

speed, 

km/h 

Range  at 
constant 
speed, 
km 

Range 

test 

speed, 

km/h 

Acceleration  fran 
standing  start 

Power, 

KW 

iypea 

Maximum 

voltage, 

V 

10  speed, 
km/h 

Tima, 

s 

9.6 

DC 

96 

E 

Direct  drive 

113 

161 

88 

— 

— 

14.9 

S DC 

72 

SCHP 

2 Speed;  automatic 

89 

97 

72 

- 

- 

— 

8.2 

DC 

36 

BSW 

4 Speed;  manual; 

93 

56 

56 

93 

30 

belt  drive 

mm 

P DC 

108 

BSW 

4 Speed;  manual 

80 

48 

40 

- 

- 

— 

■ 

P DC 

— 

R;  BSW 

Fixed 

95 

166 

64 

48 

9 

Three  DC  motors  at 

— 

Continuously  variable; 

89 

- 

- ! 

2.4  ft?  each 

cone  drive 

Msm 

P DC 

36 

BSW 

Chain  drive 

40 

*• 

DC 

— 

BSW 

Direct  drive 

72 

- 

m 

TWO  DC  motors  at  6 kW 

E 

80 

- 

- 

each 

IS 

P DC 

36 

R 

4 Speed;  manual 

113 

58 

72 

48 

11 

15 

P DC 

36 

R 

4 Speed;  manual 

121 

56 

72 

11 

15 

P DC 

36 

R 

4 Speed;  manual 

105 

56 

72 

11 

24 

S DC 

— 

SCHP 

3 Speed;  automatic 

121 

97 

89 

8 

15 

S DC 

144 

SCHP 

3 Speed 

129 

89 

97 

97 

30 

15 

S DC 

— 

BSW 

4 Speed;  manual 

97 

161 

64 

64 

20 

15 

C DC 

144 

"■■■— 

3 Speed;  manual 

111 

140 

48 

48 

10 

11.2 

S DC 

36 

ran? 

4 Speed;  manual 

84 

80 

64 

— 

— 

10 

P DC 

— 

SCHP 

3 Speed;  automatic 

>B8 

80 

48 

48 

13 

7.5 

DC 

— 

E 

Direct  drive 

48 

- 

B 

30 

S EC 

100 

SCHP 

Fixed 

113 

64 

1 

40 

48 

H 

S DC 

— 

SCHP 

4 Speed;  manual 

89 

177 

48 

48 

DC 

SCHP 

Fixed 

72 

76 

48 

48 

12 

S DC 

•*“ 

SCHP 

Fixed 

75 

148 

50 

50 

12 

°Ite^nerative  braking. 

*Wj  steerable  lightweight  front  wheels;  cue  rear  drive  wheel. 
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TOHLS  3-15 


Manufacturer  | Vehicle 


General  Motors 
Corp. 


Globe-Uhlan,  Inc. 
HcweSf  p«xii 
Hughes,  tax 
Jausel,  Virgil  W. 
Kesling,  nr.  H.D. 
KOrff  Electrics 


xcp-Jn  (Opel 


Electrovairs 
1 and  2° 


vw  dune  buggy 
NSU  Prinz 
Renault 


Ihilwind  3 


Length  I Width  I Height 


1970-71 

1964-67 


Pay- 
load, 

kg  Weight,  Typo 
kg 


294/113 


1452 
862 
744 
1098  161 


590  Pb-acid 
363  I 


265  j TED244 


Linear  Alpha 
Carp, 

Electric 

Malian,  Richard  G.  vw  sedan® 
Malfee  Engineer-  MoCUlloch 

electric  car 


Machanix 

Illustrated 

National  Union 
Electric 


Newell,  John 
Paine,  Donald 


Sundancera 
1 ard  2 

Urba 

Electric® 


lOlcwatt 

(Renault 

Bai^hino) 

VW  fastback 
Eatsun  410 


RiE^el,  Wally  E.  | Ripp-Elcctric 
Sears,  Roebuck 


1970-72 


1959-62 


3 1.8 


1252  163  572 

732  181  340 


1134 
1338  153 


Vanguard,  Inc. 
Stamant,  Andy 


CitiCar 


Stamant,  Andy  Miny  Dune 
Buggy 

Steinfold,  Robert  NSU  Prinz 


1974-76!  2.4  I 1.4  I 1.5 


590  227  236  EV-106 


803  371 


— Pb-acid 
236  Pb-acid 


P *“*“  e“!  C 4—  «*"*  “ *>—  a ««  with  a „t  ra3Mtt  „ 
degenerative  braking. 


■Transmission 


97 

121/129 


Fixed 

4 Speed;  manual 
Chain  drive 
4 Speed;  manual 


Chain  drive 


Range  at 
constant 
speed, 
km 

Range 
test 
speed,  , 
Icnv'h 

Acceleration  fran 
standing  start 

To  speed, 
km/h 

Tine, 

s 

241 

48 

48 

10 

64 

121 

97 

17 

185 

56 

48 

9 

SCHP  2 Speed;  manual; 

chain  drive 

1 - BSW  2 Speed;  manual 

1 - SCHP 


Continuously  variable11  89 
64 

4 Speed;  manual  105 

100 
98 
121 

Direct  drive  61 


80 

48 

12 

12 

48 

8 

40 

137 

145 

56 

48 

76 

161 

56 

eTVo  side  drive  wheels;  one  front  and  one  rear  wheel,  both  steerable;  built  to  demonstrate  safety  features. 

steerable  front  wheels;  one  rear  drive  wheel;  two  permanat  magnet  motors. 

^Gross  vehicle  weight. 

^Electronically  controlled,  continuously  adjustable  belt  drive  and  fixed-ratio  nolle"  chain  drive  with  a dif- 
ferential. 
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TRELE  3-15 


Manufacturer 


Corp. 

Unique  HSaility, 
Inc. 

University  of 
Colorado 

C.ff.  Waterman 
Industries 

fcfestinghouse 
Electric  Carp. 

Daihatsu  Jbfcor 
Co,,  ltd. 


Vega  hatchback 
Electricar 

Mars  n 

CKf-085 

Experimental 

carc 

EV  Iff  (HUT) 


1975-76 


Dimansicns.  m 


Width  Height 


1.5  2 


Weight,  Type 

kg 


EV  IN  (Mm) 

Electric  'Fraction,  Trcpicana 
Ltd'  Electric 

Enfield  Auto-  8000' 
motive  Co. 

Fiafc  Electric 

city  carc 

Etord  Motor  Co.  CCmuta 


National  Tsing  uev  2 
Hta  University 

Eroghetti  Gastioni  Ecologiche  3PC 
Research  Institute  emzv  l 

for  Rotating 

Electric 

Machinery 


Ityo  Kagyo  Mazda  electric 

co..  Ltd.  family  car 

Tbyota  Motor  Co. , EV  2HC  (Min) 
Ltd. 


Zagato  Inter- 
national s.A. 


ev  2PC  (ran) 

Zele  2000 


2.7 

2.2  I 1.6 


200  500  ES110 

250  366  

680  I 250  284  Ptr-ocid 


3.7  1.5  1.4  1095  336  328  Placid 

3.4  1.5  1.5  g1467  53fl 


3.4  1.5  1.5  %479 

1976  2.0  1.4  1.6  520 


530  Fe-air 
+ Pb- 
acid 

540  Pb-acid 
— Pb-acid 


166/144 


da^3Shmt,C 

SCHP,  denotes  a silicai-ccntrolled  rectifier  (SCR)  choooert  ithp  .w,*™ 
batterv  ^tehinq;  * denotes  resistance;  E denotes  electrode.  Ch°PPer' 


TABLE  3-15, 


(b)  u.S. 


Manufacturer ' 

Vehicle 

Nimber 

of 

Year 

Dii 

pensions 

i,  in. 

Curb 

Pay- 

Battery 

passen- 

gers 

Length 

Width 

Height 

lirn 

Itm 

Weight, 

lim 

Type 

Volt- 

age, 

V 

Amcctran  CO. 

Anderson  Electric 
Pwer  Eguifrrent 

Exiar-1 

Third 

generation 

4 

2 

1976 

1972 

180 

146 

74 

65 

68 

4360 

2520 

_ 

1700 

750 

1RD244 

Pb-acid 

144 

72 

Braunlich-Itoes3le 

Braun 

? 

1976 

1800 

300 

GO. 

Electric 

• 

— ■ 

Pb-acid 

— 

— 

Christianson,  M.B. 

Copper  Development 
Association 

Renault  R-10c 
CDA  Ttwn  Car 

- 

1975 

1976 

165 

145 

60 

60 

56 

55 

2250 

3100 

370 

535 

1062 

Pb-acid 

GC-21A 

- 

- 

Die  Mesh  Corp. 

Electra  Spiderc 

1973 

2850 

(Fiat  850} 

— — 

Pb-acin 

— 

— 

Cow,  Douglas 
3E  Vehicles 

(d) 

Sportster0  1+1 
EP  10B 

1973 

1977 

176 

86 

65 

52 

70 

33 

1250 

565 

210 

276 

285 

EFP 

Pb-acid 

— 

- 

Electric  Dynamics 
Corp* 

X-2 

1976 

144 

62 

50 

1900 

— 

— 

Pb-acid 

72 

Electric 

Engineering 

Datsun  1200 
Kelrark,  cr 

4 

- 

1972 

156 

167 

60 

72 

53 

43 

2100 

2500 

— 

780 

828 

G02H 

SGL 

Electric  Fuel 
Propulsion  Corp. 

VW  Beetle 
Transformer  I 
Electricar 

4 

5 
4 

1975 

1970-71 

160 

212 

181 

61 

77 

71 

59 

54 

2300 

5850 

5200 

750 

300 

780 

2400 

2200 

E 

E 

0-106 

FP 

18 

14 

0 

4 

Mars  11° 

5 

1966-70 

173 

60 

55 

4100 

550 

1840 

ISO 

Electro-sport 
(Komet  sta- 

— 

- 

1972 

— 

— 

— 

5180 

800 

2200 

144 

tion  wagon) 

Electric  Passenger 
Cars,  Inc. 

Huimingbizd 

4 

1976 

155 

63 

56 

2570 

600 

830 

TH) 217 

72 

Electric  Vehicle 
Associates 

Electric  luxury 
sedan 

4 

1975-77 

174 

65 

57 

3150 

— 

1040 

Pb-acid 

96 

Electric  Vehicle 
Engineering 

Islander 

4 

1971-76 

125 

76 

60 

2500 

— 

850 

Pb-acid 

84 

Ford  Motor  Co. 

City  car  (Pinto) 

— 

— 

— 

— 

— 

3200 

300 

956 

Cortina  Estate 
car 

5 

1970 

174 

65 

55 

3086 

— 

900 

Ni-Cd 

113 

General  Electric 
Co.  1 

Delta 

2 

— 

130 

56 

59 

2300 

— 

864/57 

Pb-NiCd 

72 

General  Motors 
Corp.  . 

512  urban  car 

2 

1969 

86 

56 

52 

1250 



330 

Pb-acid 

04 

512  Zn-Ni  urban 
car 

2 

1969 

85 

56 

52 

1257 

435 

270 

Ni-Zn 

94 

3 ^ dmn3  Sl’Unt’  C *”*“  CmP:“nd!  “ d“*eS  " mtor  With  a B fe- 


sagto^aailiccn-^Uod  waflcr  (sal)  cia[p!II  „ *«*«,  „ dloppcr;  ^ ^ 

battery  switching;  r denotes  resistance;  E denotes  electronic. 
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Continued. 


custarary  units 


Motor 

Coni 

joller^ 

Transmission 

Maximum 

speed, 

mph 

Range  at 
constant 
speed, 
miles 

Range 

test 

speed 

mph 

Power, 

hp 

Type0 

Maxima 

voltage, 

V 

13 

DC 

96 

E 

Direct  drive 

70 

100 

55 

20 

S DC 

72 

SCHP 

2 Speed;  automatic 

55 

60 

45 

11 

DC 

36 

BSW 

4 Speedj  manual? 

58 

35 

35 

belt  drive 

— 

P DC 

— 

BSW 

4 Speed;  manual 

50 

30 

25 

9 

P DC 

108 

r; 

BSW 

Fixed 

59 

103 

40 

Three  notors  at  3.2  hp 

, 

■ 

Continuously  variable; 

55 

m 

each 

ccne  drive 

1.5 

P DC 

36 

BSW 

Chain  drive 

25 

8 

DC 

— 

BSW 

Direct  drive 

45 

■^98! 

Two  DC  motors  at  8 hp 

E 

50 

IS 

each 

| 20 

P DC 

36 

R 

4 Speed;  manual 

70 

36 

45 

20 

P DC 

36 

R 

4 Speed?  manual 

75 

35 

45 

20 

P DC 

36 

R 

4 Speed;  manual 

65 

35 

45 

32 

S DC 

— 

SCHP 

3 Speed;  automatic 

75 

60 

55 

20 

S DC 

144 

SCHP 

3 Speed 

80 

55 

60 

20 

S DC 

— 

BSW 

4 Speed;  manual 

60 

100 

40 

20 

C DC 

144 

— 



3 Speed;  manual 

69 

87 

30 

15 

S DC 

36 

TCHP 

4 Speed;  manual 

52 

50 

40 

13.4 

P DC 

: 

SCHP 

3 Speed;  automatic 

>55 

50 

30 

10 

DC 

— 

E 

Direct  drive 

30 

— 

— 

40 

DC 

— 

— 

— 

80 

39 

40 

40 

S DC 

100 

SCHP 

Fixed 

70 

40 

25 

10.9 

S DC 

— 

4 Speed;  manual 

55 

HO 

30 

0.4 

DC 

— 

Fixed 

45 

47 

30 

8.4 

S DC 

Fixed 

47 

92 

31 

^Regenerative  braking. 

"^TWo  steerable  lightweight  front  wheels;  cne  rear  drive  wheel. 
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83  **~+**«  denotes  a note  vdth  a ,«■■*.*,*,  B *. 

(S®>  *»  denotes  . transistor  **«,  ssw  denotes 

battery  switching;  R denotes  resistance;  E denotes  electronic, 
regenerative  braking. 
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Continued. 

CCntinued. 


totor 

Controller*3 

Transnissicn 

Maxima 

Range  at 

Range 

Acceleration  from 

Power, 

m 

Maxinun 

speed, 

nph 

constant 

speed, 

miles 

test 

speed, 

nph 

standing  start 

voltage, 

V 

To  speed, 
nph 

Time, 

s 

TCo  S DC  motors  at 
14  hp  each 

SCHP 

Fixed 

60 

30 

10 

IIS 

ac 

120 

SCHP 

Fixed 

75/80 

60 

17 

20 

S DC 

120 

saip 

Fixed 

60 

115 

30 

9 

E|| 

P DC 

— 

BSW 

4 Speed;  manual 

60 

60 

lipfl 

P DC 

30 

BSW 

Chain  drive 

40 

— 

— 

B^sSl 

S DC 

96 

— 

4 Speed;  manual 

52 

50 

30 

— 

IfeiB 

12 

DC 

, 

. 

55 

50 

12 

IWo 
motors 
6 4 hp 
each 

DC;  PH 

48 

TCHP 

Chain  drive 

58 

75 

30 

30 

12 

25 

AC 

60 

75 

25 

— 

DC 

bp 

— 

E 

57 

50 

25 

30 

— 

S DC 

— 

Fixed 

>55 

20 

40 

15 

EC;  EM 

ioa 

saip 

2 Speed;  manual 
chain  drive 

75 

125 

30 

— 

8 

S DC 

— 

MH 
1 1 

2 Speed;  manual 

62 

100 

30 

30 

10 

10 

P DC 

30 

BSW 

continuously  variable*1 

55 

— 

— 

— 

— 

7 

DC 

BSW 

40 

— 

DC 

TCHP 

4 Speed;  manual 

65 

27 

P DC 

— 

BSW 

62 

25 

35 

30 

10 

15 

S DC 

120 

TCHP 

61 

85 

30 

30 

7 

27 

C DC 

120 

BSW 

75 

90 

47 

— 

“ 

6 

S DC 

48 

BSW 

Direct  drive 

38 

— 

— 

30 

15 

39 

C DC 

72 

BSW 

4 Speed;  manual 

70 

100 

35 

30 

8 

— 

S DC 

— 

— 

4 Speed;  manual 

60 

— 

- 

__ 

sit3c  steels}  coe  front  and  one  rear  wheal,  both  steerable;  built  to  darcnstrate  safety  features, 
steerable  front  wheels;  cna  rear  drive  wheel;  two  pcuranent  magnet  motors. 
gGross  vehicle  weic^it. 

^ectrcnically  controlled,  continuously  adjustable  belt  drive  and  fixed-ratio  roller  chain  drive  with  a dif- 
ferential. 
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Number  Year 
Of 

passen- 

gers 


Dimensions,  in. 


Wylite  Carp-  Vega  hatchback 

Unique  Mobility,  Electricar 

Inc. 


University  oE 
Colorado 

C.H.  Waterman. 
Industries 

Westingbouse 
Electric  Corp. 

Doiijatsu  Mo  tot 
Co.,  Ltd. 


toes  IIG 

CHW-886 

Expa&nental 

car 

EV  1H  (tan) 
ev  in  (ran) 


Electric  faction,  Tropicana 
Etd.  Electric 

Enfield  Auto  8000 

motive  CO. 

Fiat  MfVTJ-T.fr* 


Ford  Motor  Co. 


Electric 

Gcnuta 

OHEV  2 


National  Tsing  ohev  2 
Hua  thiversity 

Proghctti  Gesticni  Ecologiche  3PC 

Research  Institute  EMA  1 
for  Rotating 
Electric 
Machinery 


Tcyo  Kogyo 
Co.,  Ltd. 


' Mazda  electric 
family  car 


Ityota  Motor  CO.,  EV  2hP  (MITI) 
Ltd, 


EV2PC  ('■2TI) 

Sagato  Inter-  • zelo  2000 
national  S.A. 


Curb  Pay- 
weight,  load. 


IB 

— 

G 173 

61 

152 

61 

168 

66 

126 

55 

128 

55 

128 

63 

112 

56 

104 

60 

122 

51 

104 

60 

88 

61 

146 

58 

134 

59 

134 

59 

77 

53 

Weight, 

Type 

Volt- 

lirn 

age, 

V 

EV-106 

C&D 

Pb-acid 


600  SL1 
366  Ni-Zn 


384  I Pb-acid 


2646  441  1102  | ES110 


807  Pb-acid 
626  Pb-acid 


723  Pb-acid 

1160  Zn-air 
+ Pb- 
acid 

1190  Pb-acid 
Pb-acid 


96 

166/144 


H P El“t'  0 0a®0»a'  PH  o rmter  with  a pemment  regret,  B da- 

^ a amoaa-controucd  rocUflcr  (SO!)  ci^r,  raE>  aeaatoa  a tomalatar  chopper,  BSW  d«atca 
battery  switching;  R denotes  resistance;  E denotes  electronic. 
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Concluded. 


Concluded. 


Motor 

Controller13 

Transmission 

Maxima 

Range  at 

Range 

Acceleration  fran 

Power, 

lire3 

Maxdmun 

speed, 

uph 

constant 

speed, 

miles 

test 

speed, 

mph 

standing  start 

hp 

voltage, 

V 

To  speed, 

Time, 

irph 

5 

24 

S DC 

SCHP 

4 Speed;  manual 

66 

— - 

— 

40 

10 

12 

Ejf9! 

SCHP 

4 Speed  manual 

60 

100 

37 

30 

9 

15 

R 

BSW 

4 Speed;  manual 

40 

— 

— 

30 

25 

12 

48 

BSW 

Continuously  variable; 

45 

60 

30 

25 

15 

belt  drive 

cbw;  ban1 

3 Speed;  automatic 

60 

— 

30 

32 

16.1 

S B 

125 

ran? 

2 Speed;  automatic 

to 

161 

25 

25 

5.5 

17.3 

P DC 

83 

raip 

2 Speed;  automatic 

53 

161 

25 

25 

6 

7.5 

DC 

— 

saip 

Fixed;  belt  drive 

35 

— 

— 

— 

8.0 

S DC 

48 

BSW 

Direct  drive 

40 

55 

30 

30 

13 

13.4 

P DC 

96 

raip 

2 Speed;  automatic 

47 

40 

31 

31 

9 

'iWo 

motors 

S DC 

24 

sc 

HP 

Fixed 

40 

25 

40 

30 

12 

Q 5 hp 
each 

26.8 

S DC 

**— 

56 

99 

28 

37 

12 

12 

P DC 

68 

37 

60 

31 

•-O' 

— 

TWO 

motors 

S DC 

83 

37 

31 

31 

31 

8 

S 4 hp 
each 

10.9 

S DC 

— 

BSW 

<i) 

43 

56 

19 

19 

6 

28 

P DC 

136 

schp 

2 Speed;  automatic 

52 

283 

25 

25 

3.6 

28 

P DC 

135 

saip 

2 Speed;  automatic 

53 

151 

25 

25 

3.6 

2.7 

S DC 

24 

BSW 

Direct  drive 

34 

50 

25 

25 

10 

cRfjgcnerative  braking. 
gGross  vehicle  weight, 
ftfot  available. 
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TABLE  3-16. 


ELECTRIC  WIN 


(a)  SI 


Manufacturer 


AM  General  CCcp. 
Eafctrcnic  ltucfc  Corp 

BfiZ  Electric  Car 

Oorpor  Eo\MloptGnt 
Association 

Dana  Carp. 

Electric  Engineering 

Electric  Vehicle 
Engineering 

General  Jtofcora  corp. 
Jet  Industries 
linear  Alpha  Gap. 

Otis  Elevator  CO. 

tfeatlnghcuso 
Electric  Carp. 

Advanced  Vehicle 
Systems 

Chlorides  Technical, 
Ltd. 

Daihatsu  tbbor 
Co.,  Ltd. 

Daimler-Benz  NS 


Vehicle 


ra-SE  Electruck0' 
Minivan 

X-32003  (postal 
van) 

Goliath 

long  Rancho 

copper  Electric 
van  3D 

Electric  Vanc 
Volkswagen  Bus 
T3  van 

Electrovan0 
Electra-Van 
Linear  van 
Alpha 
P-500 

Djlivary  van 

Marina0 

Silent  Harrier 

EH  S40  VM 
S-37  Mini  cabover 

1E306  Electro- 
Transporter 


Narfcer 

of 

passen- 

gers 

1 

Dimensions,  ra 

•Ofcb 

length 

Width 

Height 

kg 

1(1/4 

ton? 

3.5 

1.8 

1.9 

1651 

2 

1973-76 

3.7 

2.0 

2.3 

2676 

1-1  ‘ ' 

1973 

3.7 

2.0 

2.3 

2443 

2 

1974-76 

3.7 

2.0 

2.3 

2631 

rni 

— — 

3.5 

1.1 

1.5 

589 

2 

1973 

5.1 

1.9 

1.7 

2223 

— 

• 

5.1 

2.0 

2.1 

3665 

5 

— 

4.4 

1.8 

2.0 

1406 

4 

1972-76 

3.5 

1.5 

1.8 

1361 

2 

1966-67 

— 

- 

3221 

2 

1976 

3.0 

1.3 

1.6 

1066 

13 

1975-76 

4.9 

— 

2699 

12 

1968-70 

— 

— 

— 

1950 

2 

• 

3.5 

1.6 

1.9 

1642 

2 

1972-75 

3.6 

1.6 

— 

1202 

2 

— 

4.2 

1.6 

1.6 

1438 

— 

1975-76 

5.8 

2.1 

2.7 

4536 

2 

1976 

3.0 

13 

1.6 

900 

2 

— 

3.0 

1.3 

1.6 

750 

10 

1976 

5.0 

1.6 

2.3 

2900 

kg 


304 

40Q 


454 


454 


318 

408 

1098 

1016 

340 

386 

372 

1778 

310 

250 

1000 


®S  denotes  series?  P denotes  shunt?  C denotes  corpowvd. 

" “ (SCR)  dXR!er;  ”*  daTOte8  « *W«l  ESN  denotes 

battery  witching?  R denotes  resistance?  E denotes  electronic. 


Battery 

Weight, 

kg 

oype 

Volt- 

age, 

V 

590 

Said.— 

industrial 

54 

1089 

Industrial 

112 

885 

Pb-add 

96 

998 

Pb-add 

112 

152 

Pb-add 

36 

1089 

EV-106 

108 

1406 

EV-10G 

144 

354 

EV-106 

36 

408 

Pb-add 

04 

610 

Fuel  cell 

520 

435 

EV-106 

96 

— 

Pb-add 

144 

490 

96 

472 

96 

476 

— 

702 

72 

1746 

160 

285 

96 

*■— * “ 

72 

862 

144 

108 


AiQ  L3HXJSUE  DATA 


units 


Ha  tor 

ccntroller^ 

75ansnis3icn 

Maxima 

speed, 

km/h 

Range  at 
constant 
speed, 
km 

Range 

test 

speed, 

km/h 

on  from 
start 

F0W2E, 

kW 

Stf?Qa 

Voltage, 

V 

standing 

10  speed, 
nph 

Tims, 

□ 

15 

C DC 

54 

saip 

Direct  drive 

64 

72 

48 

48 

20 

31 

S DC 

112 

SCHP 

2 Spoad;  manual 

97 

48 

m 

48 

8 

80 

El 

‘‘ 

19 

S DC 

112 

SCHP 

83 

80 

48 

48 

9 

1.1 

6 DC 

36 

(d) 

Fixed  gear  ratio; 

29 

35 

e4 





chain  drive 

15 

S DC 

— 

sajp 

3 Speed;  autanatic 

84 

153 

64 

48 

14 

chain  drive 

30 

P DC 

120 

schp 

3 Spocd;  manual 

85 

106 

72 

— 

— 

17 

P DC 

36 

R 

4 Speed;  manual 

89 

50 

72 

48 

12 

15 

3 DC 

84 

soip 

Fixed  gear  ratio 

68 

80 

40 

40 

16 

93 

AC 

— 

Fixed  gear  ratio 

113 

— 

— 

97 

30 

11.2 

S EC 

— 

4 Speed;  manual 

89 

97 

61 

48 

11 

27 

AC 

144 

Fixed  gear  ratio 

97 

— 

— 

48 

10 

30 

AC 

— 

Fixed  gear  ratio 

89 

64 

97 

48 

22 

S DC 

96 

Fixed  gear  ratio 

72 

80 

40 

48 

18 

S DC 

96 

E 

4 Speed;  manual 

— 

113 

48 

- 

e9 

22 

P DC 

72 

ESWj  R 

CCntinuaaly  variable 

72 

137 

48 

48 

13 

37 

S DC 

— 

SCHP 

Fixed  gear  ratio 

64 

129 

64 

40 

21 

14 

P DC 

— 

1CHP 

80 

55 

60 

40 

11 

5.3 

3 DC 

66 

schp 

4 Speed;  manual 

6S 

60 

40 

40 

11 

35 

P EC 

' 

SCHP 

00 

— 

— 

— 

— 

‘^generative  braking, 
^ttot  availablo. 
eStcpo/1.6  km. 
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( 

f 


3-16.  - 


110 


Conti?  road. 
Concluded. 


I&tor 


power, 

KM 


Tjpe 


Voltage, 

V 


Caitroller^ 


Transmission 

Maxisun 

speed, 

km/h 

Range  at 
constant 

Range 

test 

flccelaraticn  firm 
standing  start 

km 

faryh 

10  speed, 
rrph 

Time, 

s 

Fixed  gear  ratio? 
ccg'-talt  drive 

— 

96 

32 

— 

— 

Fixed  gear  ratio 

60 

— 

30 

5 

Fixed  gear  ratio 

53 

— 

48 

20 

Fixed  gear  ratio 

- 

— 

— 

— 

Fixed  gear  ratio 

80 

161 

48 

48 

10 

Fixed  gear  ratio? 
chain  drive 

80 

225 

48 

48 

14 

Fixed  gear  ratio? 
chain  drive 

97 

160/urb 

— 

48 

10 

4 Speed 

56 

— 

~ 

56 

12 

Direct  drive 

90 

496 

40 

40 

4.9 

Direct  drive 

87 

302 

40 

40 

6.9 

Fixed  gear  ratio 

45 

80 

45 

— 

— 

Fixed  gear  ratio 

60 

90 

45 

3D 

6 

2 Speed?  manual 

60 

100 

40 

40 

12 

Fixed  gear  ratio 

26 

— 

— 

— 

— 

65 

55 

40 

40 

11 

2 Speed?  automatic 

78 

205 

40 

40 

8.1 

55 

60 

40 

30 

4 

Fixed  gear  ratio 

60 

00 

40 

40 

13 

Fixed  gear  ratio 

70 

— 

— 

48 

12 

Direct  drive 

50 

72 

56 

48 

14 

5.6 

14 

9.3 

37 

37 

37 

37 


DC 


DC 
S DC 


144 

72 

216 


6.0 

DC 

— 

27.6 

P DC* 

no 

27 

S DC 

no 

8 

S DC 

eo 

15 

P DC 

130 

16.5 

S EC 

82 

8 

S DC 

— 

19 

S DC 

— 

14.4 

m 

102 

10 

S DC 

— 

9.9 

P DC 

16 

P DC 

— 

4.5 

DC 

48 

SCHP 

TCHP 

saip 


sen p 


BSW;  H 
BSW 

SCHP?  BSW 
SCHP 


‘degenerative  braking. 

^Seat-pipe  cooled  rotor. 

^Ono  front  wheel?  too  rear  wheels. 
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>16, 


Manufacturer 

All  General  Coxp. 
Battrcnic  Truck  Crop. 

BSZ  Electric  Car 
Dovolcpnent 

Association 
Dana  Cbrp. 

Electric  Engineering 
Electric  Vehicle 
Engineering 
Gcaneral  Motors  Cbrp. 
Jet  Industries 
Linear  Alpha  Corp. 

Otis  Elevator  Co. 
ffestinghouse 
Electric  Carp. 

Advanced  Vehicle 
Systems 

Chloride  Technical* 

Xitcu 

Daihatsu  Motor 
Co.,  ttd, 

Eahnler^Benz  AG 


Vehicle 

DJ-5E  Electruck*3 

Minivan 

X-32003  (postal 
van) 

Goliath 

Enng  Rancho 

OTper  Electric 
van  3a 


(b)  u.s. 


Wuriber  I Year 
of  1 
passen- 
gers 


1975-76 

2 1973-76 

1973 


I 1974-76 


1973 


Electric  Vanc 



Volkswagen  Dus 

5 

— 

T3  van 

4 

1972-76 

Electrovnnc 

2 

1966-67 

Electra-Van 

2 

1976 

hi  near  van 

13 

1975-76 

Alpha  s 

12 

1968-70 

P-500 

2 

— - 

Delivery  van 

2 

1972-75 

Marina0 

2 



Silent  Harrier 

— 

1975-76 

EM  S40  YA 

2 

1976 

S-37  Mini  Cafcover 

2 

. 

EE306  Electro- 
Transporter 

10 

1976 

P *“<-  'tat,  0 tote,  ca*to. 

' ® denotes  a sillccn-oantrolled  rectifier  (scr»  rfvr*v»»»,  , 
battery  switching;  R denotes  resistance;  VSLSSiSL-"'-  a 


Di 

'nensions,  in.  curb 

Pay- 

load 

lbn 

lengt 

h Width  Height 

Weigh 

lbn 

136 

71  74  3 640 

670 

1300 

i45 

74  92  5 900 

900 

2400 

145 

70  89  5 385 

— 

1950 

145 

74  92  5 800 

1000 

2200 

137 

45  60  X 3Q0 

— 

336 

201 

75  68  4 900 

1000 

2400 

200 

79  81  8 080 

- 

3100 

174 

70  77  3 100 

-■ 

780 

130 

58  69  3 000 

700 

900 

— ■ 

“ 7 100 

1344 

120 

53  64  2 350 

900 

960 

194 

— 5 950 

2420 

. 

~ 4 300 

2240 

1080 

138 

62  74  3 620 

750 

' ’ >40 

142 

63  2 650 

850 

1050 

166 

64  63  3 170 

820 

1548 

230 

83  105  10  000 

3920 

3850 

122 

51  62  l 984 

683 

630 

118 

51  62  1 654 

550 

198 

72  89  6 393 

2205 

1896 

Battery 


?ypa 


Soni- 

industrial  | 
Pb-acid 
Pb-acid 

Pb-acid 
| Pb-acid 

EV-106 

EV-106 
EV-106 
Pb-acid 

Fuel  cell 
EV-106 
Pb-acid 
Pb-apid 
1 EV-106 
I Pb-acid 


54 


108 


112 


Ccntinued. 


customary  units. 


1*3  hoc 

Ccntxoller^ 

Transmission 

Maximum 

Range  at 

Range 

Acceleration  from 

Power, 

Type 

Voltage# 

speed, 

rrph 

constant 

speed, 

miles 

test 

speed, 

rrph 

standing  start 

hp 

V 

ht?ib 

Time, 

a 

10 

C DC 

54 

scm? 

Direct  drive 

40 

45 

30 

30 

20 

42 

S EC 

112 

112 

2 Speed;  manual 

60 

30 

50 

30 

8 

25 

S EC 

55 

50 

50 

25 

30 

30 

112 

9 

1.5 

S DC 

36 

(d) 

Fixed  gear  ratio; 
chain  drive 

18 

22 

q4 

— 

— 

20 

S DC 

SCHP 

3 Speed;  automatic; 
chain  drive 

52 

95 

40 

30 

14 

40 

P DC 

120 

saip 

3 Speed;  manual 

S3 

66 

45 

— 

23 

P DC 

36 

R 

4 Speed;  manual 

55 

31 

45 

30 

12 

20 

S DC 

84 

Eaip 

Fixed  gear  ratio 

42 

50 

25 

30 

16 

125 

AC 

— 

Fixed  gear  ratio 

70 

— . 

GO 

30 

15 

S DC 

— 

4 Speed;  manual 

55 

60 

30 

30 

n 

36 

AC 

144 

Fixed  gear  ratio 

60 

— 

— 

30 

10 

40 

PC 

— 

Fixed  gear  ratio 

55 

40 

60 

30 

SB 

30 

S DC 

95 

Fixed  gear  ratio 

45 

50 

25 

30 

24 

S EC 

95 

E 

4 Speed;  manual 

70 

30 

— 

B 

30 

P DC 

72 

BSWj  R 

Continuously  variable 

85 

30 

30 

13 

50 

S DC 

— 

saiP 

Fixed  gear  ratio 

80 

40 

30 

21 

19 

P DC 

KB 

34 

37 

25 

11 

7 

S DC 

66 

BaiP 

4 Speed;  manual 

37 

25 

25 

11 

47 

EC 

_ . m 

CRagenerativo  braJdig. 
dtot  available. 
^Btope/1.6  km. 
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TABIE  3-16, 


Nurber  Year 
of 

passen-  j Length  j Width 

gexo 


Curb 
, weight. 
Height  lb 


Pay- 
load/ 

lb  J Weight,  | Type 


Hlectraction,  Ltd.  e 700  electric 

1 fcnirie 


Fiat 

Harborough 
Construction  CO. 
Lucas  Indus- 
tries, Ltd. 


truck 

Fiat  650  T vanc 
HSV-3 


132  60 


67  2 060 


“ — 147  60 

1971-76  148  64 


73  3 300 

75  3 565 


970  1014 

500  1012 


' Bl250SJ[^yland  

Bedford  CFc  3 

Lirousine®  7 


1970  I — I - I - 


1279  1323 


1974  16B 

1976  170 


77  5 225 

07  5 511 


1543  2205 

2205  2238 


Electric  taxic 


1975-76  168 


Marathon  Electric 
Vehicles 


80  4 850  882  2370  Lucas 


150  62 


53  2 300 


Nissan  Motor  Co., 
• Ltd. 


EV  4H  mi)‘ 


Poiggio  & co. 


Proghotti  Gestioni  Ecologicho  van® 
MO 


EV  4P  (M m>C  2 
Vespa  Electrocar9  — - 
Ecologicho  van®  2 


185  67  72  5 721  2205  2315  zn-Pb 


185  67 

129  57 


154  69 


72  5 776 

60  1 800 


73  3 638 


Research  Institute  QSV  2 
for  notating 
Electric 
Machinery 


2205  2116  Pb-acid 

992  790  | 

2072  1614 


1971-74  174  73  - 


aidth's  Delivery 
Vehicles 


cmc  75 


172  74  94  4 030  4369  1457 


Itayo  Kogyo  Co., 
Ltd. 


Tpyota  Motor  Co., 
Ltd. 


Mazda  Electric 
Bongo  van 

EV  3P  (Mmjc 

Mazda  Electric 
Porter 


1976  148 


67  2 745  750  723 


124  53 

118  51 


63  2 728  661  93) 

62  1 896  904  639 


Staall  truck® 


Volkswagen  frfcrk  AG  Electric  van® 

Zagato  International  Zola  van  4000 


110  51  62  2 260  1080  723 


177  61 

67  53 


77  4 861  1918  J5R7 

63  1 455  


lS  denars  series,  P denotes  shunt,  C denotes  expound, 
sac?  denotes  a siliron-oontrollcd  rectifier  (SCR)  chopper;  TCHP  denotes  a 
battery  switching;  R denotes  resistance,  E denotes  electronic. 


transistor  chopper;  BSW  denotes 


Concluded, 


Can  eluded. 


totor 

Controller*3 

Transmission 

Maxinun 

speed, 

nph 

Range  at 
constant 
miles 

Range 

test 

nph 

Acceleration  from 
standing  start 

Power, 

hp 

Type 

Voltage, 

V 

To  speed 
nph 

Time, 

3 

7.5 

DC 

SCHP 

Fixed  gear  ratio; 

___ 

60 

20 

cog-belt  drive 

19 

DC 

TCHP 

Fixed  gear  ratio 

37 

— 

19 

5 

12.5 

S DC 

72 

SCHP 

33 

30 

20 

50 

216 

— 

— 

I||| 

— 

— 

50 

50 

100 

30 

30 

10 

50 

Fixed  gear  ratio; 

50 

140 

30 

30 

14 

chain  drive 

50 

Fixed  gear  ratio; 

60 

100/urb 

— 

30 

10 

chain  drive 

8.0 

DC 

— 

— 

— 

4 Speed 

35 

— 

— 

35 

12 

37 

P 

DCf 

no 

SC 

3 IP 

Dxrect  drive 

56 

308 

25 

25 

■ 

37 

S DC 

no 

Direct  drive 

54 

25 

25 

10.7 

S DC 

80 

Fixed  gear  ratio 

28 

28 

— 

■SSI 

20 

P DC 

130 

Fixed  gear  ratio 

37 

56 

28 

19 

6 

22 

S DC 

82 

2 Speed;  manual 

37 

62 

25 

25 

12 

10.6 

S DC 

— 

BSW;  R 

Fixed  gear  ratio 

16 

— 

— 

— 

— 

26 

S DC 

— 

BSW 

— 

40 

34 

25 

23 

11 

19 

PM 

102 

SQIP)  BSW 

2 Speed;  automatic 

127 

15 

25 

8.1 

13.4 

S DC 

— 

SC 

HP 

— 

37 

25 

19 

4 

13.3 

P DC 

— 

Fixed  gear  ratLv 

50 

25 

25 

13 

21.4 

P DC 

— 

Fixed  gear  ratio 

— 

— - 

30 

12 

6 

DC 

_ 

40 

Direct  drive 

45 

35 

30 

14 

cRegcnerative  braWng. 

^eat-pipo  cooled  rotor. 

^One  front  wheel)  two  rear  wheels. 
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TABLE  3-17, 


(a)  SI 


Manufacturer 

Vehicle 

Nurber 

Year 

Dimensions,  in 

Curb 

Pay- 

1 Battery 

weight, 

kg 

passen- 

length 

Width 

Height 

kg 

Vfeight, 

Type 

Volt- 

gers 

kg 

age, 

V 

Battrcnic  Truck  COrp. 

Bus 

12 

— 

5.5 

2.2 

2.7 

3 742 

789 

1515 

Pb-acLd 

112 

Otis  Elevator  CO. 

Electrobus 
model  20 

41 

1971-76 

7.5 

2.4 

2.6 

4 536 

3130 

2041 

72 

Chloride  Technical* 
Ltd. 

Silent  Ridarc 

SO 

1976 

10.1 

2.4 

3.0 

13  056 

3629 

4470 

330 

Crompton  Electricars, 
Ltd. 

Bus 

26 

1972 

■6.7 

2.5 

2.9 

8 260 

— 

2960 

220 

Cornier  Systems  Orth. 

Dup-BuSC 

82 

1975-76 

11.0 

3.0 

13  700 

2900 

Elroy  Engineering 
Pty.,  Ltd. 

Ttwnobile 

120° 

116 

1976 

12.2 

2.6 

6 560 

7440 

2090 

96 

Hino  Automobile, 
Ltd. 

BT  900° 

79 

1973 

9.9 

3.1 

10  835 

- 

3500 

324 

Istizu 

EV  05c 

71 

1972 

9.3 

1 

3.1 

9 895 

3500 

384 

360 

Lucas  Industries, 
Ltd. 

Midi-Busc 

34 

1975 

6.4 

2.3 

2.8 

7 720 

2223 

2200 

ttescinenfabrik  Augs- 
burg Nuernberg 

M.A.N.  busc 

99 

1974-76 

14.1 

2.5 

2.9 

15  800 

7600 

6100 

360 

Mitsubishi  Matora 
Corp. 

Electric 
Route  Bus 

70 

1976 

9.4 

2.4 

3.1 

9 900 

4145 

2950 

384 

EV  5C 

Richie  ifotar  Ser- 
vices, Ltd. 

TB  13° 

Leyland  bus 
witli  _ 

63 

61 

1975 

10.5 

13.6 

2.5 

3.1 

12  250 
18  588 

3520 

3400 

7010 

500 

360 

trailer0 

SOVEL,  Groupe 
Penault 

Electrobus 

3TV2C 

50 

1973 

7.9 

2.3 

2.9 

10  200 

— 

4000 

240 

aS  demotes  series?  P denotes  shunt. 

SOtP  denotes  SCR  chopper?  ICHP  denotes  transistor 
“Regenerative  braking. 


cheaper;  BSW  denotes  battery  switching? 


E 


denotes  electronic. 


ELECTRIC  BUS  DMA 


units 


Matora 

CertroUer13 

Transmission 

Maximum 

speed, 

km/h 

Range  at 
constant 
speed, 
km 

Range 

test 

speed, 

knyh 

Acceleration  iron 
standing  start 

Fewer, 

kw 

Type 

Voltage, 

V 

TO  speed, 
km/h 

Time, 

s 

31.3 

S EC 

— 

SCKP 

Direct  drive 

68 

97 

40 

40 

12 

38 

S EC 

72 

BSW 

Direct  curve 

60 

— 

— 

40 

14 

72 

S DC 

saip 

Direct  drive 

64 

109 

48 

48 

21 

18 

S DC 

37 

no 

32 

32 

21 

SO 

P DC 

60 

35 

20 

50 

20 

TV)D 

S DC 

60 

40 

48 

16 

irators 

each  0 

45  kW 

65 

S DC 

170 

50 

30 

9 

70 

S DC 

Fixed  ge 

ar 

150 

40 

50 

24 

97 

DC 

m 

Direct  drive 

d80 

*180 

48 

48 

15 

(90)  115 

(P)S  DC 

H 

E 

Fixed  gear  ratio 

70 

— 

- 

50 

e23 

72 

S DC 

360 

SCHP 

Fixed  gear  ratio 

61 

187 

40 

30 

7 

75 

S DC 

saip 

Direct  drive 

55 

140 

40 

40 

24 

90 

EC 

— 

(f) 

Fixed  gear  ratio 

63 

80 

35 

32 

12 

92 

S DC 

— 

san? 

(f) 

60 

— 

— 

— 

— 

Bladen. 

e50-rercent  laden. 
%3t  available. 
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Manufacturer 


Ltd. 

Cornier  Systems  c 

Elroy  Engineer inc 
Pty.,  Ltd. 

Hino  Autcrohile, 
Ltd, 

Isuzu 

Lucas  Industries, 
Ltd. 

Masciiinenfabrik  A 

1 . burg  Nuernberg 

Mitsubishi  Motors 
Carp. 

nibble  Motor  Ser- 
vices, Ltd. 


Vehicle 

Nutber 

of 

possen- 

Year 

gem 

Bus 

12 

Elecfcrobus 

41 

1971-76 

model  20 

Silent  Rider0 

SO 

1976 

Bus 

26 

1972 

Dl»-BU3C 

82 

1975-76 

Ibwnobila 

120c 

116 

1976 

BP  900C 

79 

1973 

EV105° 

71 

1972 

Midi-Bus° 

34 

1975 

M.A.N.  bu3C 

99 

1974-76 

Electric 

70 

1976 

Eouto  Bus 
EV5C 

1B-13C 

63 



Leyland  bu3 
with 
trailer0 

61 

1975 

Electrobus 

3P*2° 

SO 

1973 

| Width 

Height 

H 

86 

106 

8 250 

95 

101 

10  000 

96 

118 

28  780 

96 

114 

18  200 

98 

118 

30  200 

98 

100 

14  460 

97 

121 

23  900 

98 

120 

21  800 

90 

112 

17  020 

98 

114 

34  800 

98 

120 

21  COO 

90 

123 

27  000 

— 

— 

41  000 

89 

112  1 

22  500 

Pay- 
load, 

lb  Weight,  Hypo 


6 530 


7 720 


7 720 


15  450 


£s  denotes  series;  p denotes  shunt. 

ChCOTCrf  den0te3  E ****  *«ctronic 


Concluded. 


I 


1 


custanary  units 


Motor3 

Sewer, 

Type 

Voltage, 

hp 

V 

42 

— 

50 

72 

SCKP 


Transmission 

Maxiitun 

Range  at 

Range 

speed, 

constant 

test 

nph 

miles 

rrph 

Direct  drive 

42 

60 

25 

BSW  Direct  drive  37 


Acceleration  fran 
standing  start 


’ito  speed,  | 

Time, 

nph 

s 

12 

14 

96.5 

S DC 

— 

SC 

IP 

Direct  c 

rive 

40 

68 

30 

30 

21 

24 

S DC 

— 

23 

68 

20 

20 

21 

121 

P DC 

— 

37 

22 

12 

31 

20 

TVs/o  S DC  motors  at  60  tip 
each 

37 

25 

JO 

16 

87 

S DC 

mm 

106 

31 

19 

9 

94 

(122)  156 

S DC 
(P)S  DC 

D 

Fixed  ge 
Direct  d 

ar  ratio 
rive 

50 

93 

25 

30 

31 

30 

24 

15 

121 

P(S)DC 

H 

E 

Fixed  gear  ratio 

43 

^B 

31 

e23 

97 

S DC 

360 

SCHP 

Fixed  gas  ratio 

38 

19 

7 

100 

121 

S DC 
DC 

— 

SCHP 

(f) 

Direct  drive 
Fixed  gear  ratio 

34 

39 

25 

20 

24 

12 

123 

S DC 

— 

SCHP 

(f) 

37 

B 

B 

— 

— 

^unladen. 

e50-Peroent  laden. 
*tfat  available. 
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Figure  3-34.  - Enfield  8000. 


3.4.2  Literature  Data  Summary 

to  3-17  include  information  on  120  different 

collect ionCnfCih^  Sre  believed  to  be  the  most  complete 
“!!*nC,t  on  of  **)*?, type  of  data-  The  vehicles  may  be  grouped  as 

renreafit.?^3'  deMV?ry  vans ' and  buses . Photographs  of 
representative  vehicles  of  each  class  are  shown  in  figures  3-33  t 

to  *:i7  are"^  louowsf  °f  eaCh  ClaSS  li3ted  in  tables  3'15 


120 
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tabulation  ho^fcfly  35  ve?£51(fs  bave  been  omitted  from  the 
them  and/orb^  Very  information  was  available  about 

they  were  very  early  experimental  vehicles.  Of  the 

offered^  fo?”ale  20^  3°  percent  are  n°w,  have  been, 

£0?  s?ie ' 20  Percent  are  preproduction  or  prototype 

Percent  50.  ?erce"b  are  experimental  vehicles,  ^bout  60 

of  oon^HnSni4 omestxc  vehicles  tabulated  either  are  conversions 
vfhiclef  vehicles  or  use  bodies  designed  for  conventional 


i •<.  Tfbie  2“i8  gives  the  range  of  curb  weights  reported  in  the 
literature  for  each  vehicle  class.  y n cne 


TABLE  3-18.  - VEHICLE  CURB  WEIGHT9 


Curb  weight  range, 
kg 

Automobiles 

Vans 

Buses 

Number  in  curb  weight  range 

250  - 750 

13 

3 

750  - 1 250 

25 

10 

X 250  - 1 750 

15 

8 

1 750  - 2 250 

3 

7 

2 250  - 3 000 

3 

9 

3 000  - 4 000 

2 

1 

4 000  - 8 000 

1 

3 

8 000  - 12  000 

5 

12  000  - 16  000 

4 

Over  16  000 

1 

Curb  weights  not  available  for  seven  automobiles. 


kilooramsP?8Hnafhm?PaS^^Sf  all  Personal  cars  is  less  than  400 
Kilograms  (880  lbm),  and  the  number  of  four-passenqer  cars  iq 

vans°havef"na vl n^3"1  t0  number  of  two-passenger  cars.  Delivery 
vano  have  payload  capacities  as  high  as  2000  kilograms  (4400  lhm\ 

np^fn^aCltlSS  °£  fche  buses  reported  range  from  12  to  116 
passengers . 

Tbe  fcVPes  of  vehicle  performance  information  found  in  the 
rnntrnnfl  varJ  from  the  data  obtained  under  comparatively 

vehicle1  dTn°Sf^^?S  £2  estimates  made  by  the  designer  of  the 

~In  general,  the  source  of  the  data  is  not  specified  and 
tne  data  frequently  are  incomplete.  Range  claims,  for  example! 
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Speed,  km/h 


J 

50  20  40  60 

Speed,  mph 

(b)  Vans. 

O o 

o 

o 

o 


Speed,  mph 
(0  Buses. 


Figure  3-37,  - Range  at  constant  speed  claims. 
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seldom  specify  the  vehicle  weight  and  often  do  not  state  the  speed 
or  conditions  under  which  the  range  was  measured.  Fortunately, 
however,  manufacturers’  brochures  are  now  beginning  to  state  range 
m terms  of  urban  driving  or  constant  speed  driving  conditions. 

Range  claims  found  in  the  literature  for  various  vehicle 
speeds  are  shown  in  figure  3-37(a).  Both  domestic  and  foreign 
cars  are  included.  The  heaviest  car  shown  in  the  figure  has  a 
curb  weight  of  2650  kilograms  (5850  Ibm)  and  all  but  six  cars  have 

of*e5s  fct}anl500  kilograms  (3300  Ibm).  Range  claims 
at  various  speeds  for  delivery  vans  are  shown  in  figure  3-37(b). 

z 2 xx.  ° f Jr?  vans  weigh  less  than  3000  kilograms  (6600  Ibm) 

CU  foar  have  a curb  weight  between  3000  and  5000 

kilograms  (6600  and  11  000  Ibm)  • Bus  range  claims  at  various 

speeds  are  shown  in  figure  3-37(c).  All  vehicles  reported  in 
figure  3-37  use  lead-acid  batteries.  » 

maximum  speed  claims  for  passenger  cars  are  shown  in 
tigure  3-38(a).  There  is  a trend  toward  higher  maximum  speed 


0 1000  2000  3000  4000  5000  6000 

Vehicle  curb  weight,  Ibm 

(a)  Cars. 

figure  3-38.  - Maximum  speed  claims. 
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Maximum  speed,  mph 


Vehicle  curb  weight,  Ibm 
(c)  Buses. 

Figure  3-38.  - Concluded. 
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reach  terminal  speed, 


claims  for  the  heavier  vehicles.  This  same  trend  is  true  of  the 
vans  (fig.  3-38(d)).  Overall,  maximum  speed  claims  for  the  vans 
range  from  30  to  110  kilometers  per  hour  (19  to  68  mph) , compared 
with  the  40  to  130  kilometers  per  hour  (25  to  81  mph)  claimed  for 
cars.  Although  the  sample  is  small,  buses  show  more  uniform 
maximum  speed  claims  (fig.  3-38(c)).  This  is  probably  because 
these  vehicles  are  designed  for  a specific  application. 

The  acceleration  claims  (i.e.,  the  time  to  reach  terminal 
speed)  are  shown  in  figure  3-39.  Approximately  two-thirds  of  the 
personal  cars  achieve  48  kilometers  per  hour  (30  mph)  in  7 to  13 
seconds  (see  data  cluster  in  fig.  3-39 ( a) ) . An  examination  of 
table  3-15  shows  that  acceleration  time  appears  to  be  unrelated  to 
the  curb  weight  of  the  personal  cars.  The  acceleration  claims  for 
delivery  vans  are  shown  in  figure  3-39(b).  The  claims  are  about 
the  same  as  those  for  personal  cars  even  though  the  curb  weights 
of  the  vans  are  roughly  twice  those  of  the  personal  cars.  The 
buses  (fig.  3-39 (c))  have  somewhat  longer  acceleration  times  than 
the  cars  and  vans. 

Very  little  data  are  available  in  the  literature  on 
gradeability  for  personal  cars.  However,  maximum  gradeability 
claims  for  vans  and  limousines  range  from  an  11-percent  to  a 
35-percent  grade.  Buses,  reportedly,  have  the  ability  to  climb 
maximum  grades  ranging  from  6 to  13  percent. 

Data  in  the  literature  regarding  energy  consumption  are  also 
sparse.  What  data  exist,  however,  indicate  that  cars  consume  from 
0.2  to  0.4  kilowatt  hour  per  kilometer  (0.3  to  0.6  kWh/mile)  for 
urban  service  and  from  0.1  to  0.4  kilowatt  hour  per  kilometer 
(0.16  to  0.6  kWh/mile)  at  steady  speeds  of  40  to  50  kilometers  per 
hour  (25  to  30  mph).  The  energy  consumption  claims  for  vans  and 
limousines  range  from  0.3  to  0.7  kilowatt  hour  per  kilometer  (0.5 
to  1.1  kWh/mile)  for  urban  service  and  from  0.1  to  0.3  kilowatt 
hour  per  kilometer  (0.16  to  0.5  kWh/mile)  at  steady  speeds  of  32 
to  40  kilometers  per  hour  (20  to  25  mph).  Snergy  consumption  data 
tor  buses,  based  on  service  experience,  are  presented  in  section 
3.3  of  this  report. 

Payload  capacity  for  personal  cars  was  generally  expressed  in 
terms  of  number  of  passengers,  with  five  passengers  or  400 
kilograms  (880  Ibm)  being  the  maximum.  Delivery  van  payloads 
ranged  to  2000  kilograms  (4400  lbm)  with  a distribution  as 
follows: 
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Payload, 

kg 

Numbe-r  of  vans 

0 - 500 

21 

500  - 1000 

9 

1000  - 1500 

2 

1500  - 2000 

2 

The  payload  capacity  for  buses  is  also  presented  as  passenger 
UiTwerl  reported :teratUre#  passenger  capacity  ranges  from  12  to 


Number  of  passengers 

12  - 41 
50  - 71 
79  - 99 
116 


Number  of  buses 


electr  ie°vehir!i the  lit®rature»  the  Japanese  government's 
Japan1" { ?efmSi  ^^“and  delelopmen t°of "llectr f^Ciclel  ^n^ 

InLrnitio^9 ThI  2223  and 

f irst°phase  P197iat0W?Q7T1Vlded  ?oughly  into  two  phases.  In  the 
compact  {2000^ka!  e!CPerlmental  lightweight  (1000  kg)  and 

an^electric  bus^wereT 

sssj&arsas:  sarjfyssa.;-- “ 

batteries  W2S  undertaken  on  seven  types  of  new 

plasticlfor  bodiHp8^  * uSW  ®lectric  raofcors  and  controllers,  new 
plastics  for  bodies,  and  charging  and  utilization  systems. 

in  phasneTw^°alfaS\'  i97V°  1976 ' the  improvements  developed 
1 implemented  and  the  battery-motor-controller 

mator?  was  optimized.  These  improvements,  together  with  plastic 
material  advances,  were  incorporated  into  four tvoL of i * 
trucks  similar  to  those  of  phase  1.  The  primary aim  of  L 
Jfaf  to  increase  vehicle  range  and  to  adlpf  to  the  presenf  urban 
traffic  flow.  Development  of  higher  power,  longer-cycle-life 
batteries,  lightweight  and  efficient  motors  and  controllers  and 
plastic  materials  continued  in  phase  2.  The  vehicles  buil  t/rfm- ino 

ssj  in: sho” io  fi9ur"  3-« to  3-.2  ,„a’2rs»oSfid  s 9 
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TABLE  3-19.  - PHASE  2 JAPANESE  EXPERIMENTAL  VrHICLES  (REF.  51) 


Type  of  vehicle 

MITI 

desig- 

nation 

Battery 

Motor  and  control  device 

Lightweight  electric 
passenger  car 

EV  1H 
EV  IN 

Hybrid  battery  composed  of 
iron-air  storage  battery 
and  high-power,  lead-acid 
storage  battery 

Iron-nickel  storage  battery 

Transistor  chopper  control; 
thyristor  motor 

Transistor  chopper  control; 
DC  separately  excited 
motor 

Compact  electric 
passenger  car 

EV  2H 

Hyhrid  battery  composed  of 
electrolyte;  stationary- 
type,  zinc-air  storage 
battery;  and  high-power, 
lead-acid  storage  battery 

Thyristor  chopper  control; 
DC  separately  excited 
motor 

• 

EV  2P 

High-performance,  long-life, 
lead-acid  storage  battery 

Thyristor  chopper  control; 
DC  separately  excited 
motor 

Lightweight  electric 
truck 

EV  3P 

Lead-acid  storage  battery 
with  mat-structure  elec- 
trode (clad  type) 

Thyristor  chopper  control; 
permanent-magnet-type  DC 
motor 

Compact  electric 
truck 

EV  4H 

Hyhrid  battery  composed  of 
electrolyte;  circulating- 
type,  zinc-air  storage 
battery;  and  high-power, 
lead-acid  storage  battery 

Thyristor  chopper  control; 
DC  shunt  motor 



EV  4P 

L_ 

Lead-acid  storage  battery 
with  mat-structure  elec- 
trode (paste  type) 

Thyristor  chopper  control; 
DC  shunt  motor 

Figure  3-40.  - Japanese  electric  vehicles  (MITI). 
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Figure  3-41.  - Toyota  EV  2 (MITIK 


Hybrid  battery  systems  were  used  in  vehicles  2H  and  4H  to 
increase  range*  The  metal-air  battery  of  the  hybrid  battery 
provides  the  energy  for  cruising,  while  the  lead-acid  battery 
provides  the  power  for  acceleration.  MITI  tested  these  seven 
vehicles,  and  the  reported  test  results  are  presented  in  table 
3-20. 


TABLE  3-20.  - RANGE  PERFORMANCE  OF  PHASE  2 JAPANESE 
EXPERIMENTAL  VEHICLES  (REF.  51) 


MITI 

designation 

Battery 

Range  at 
40  km/h  (25  mph) 

km 

miles 

EV  1H 

Iron-air/lead-acid 

260 

161 

EV  IN 

Iron-nickel 

259 

160 

EV  2H 

Zinc-air/lead-acid 

455 

282 

EV  2P 

Lead-acid 

243 

151 

EV  3P 

Lead-acid  (mat  structure) 

205 

127 

EV  4H 

Zinc-air/lead-acid 

496 

308 

EV  4P 

Lead-acid 

302 

188 

Information  on  the  test  procedure  used  is  not  available,  but 
the  reported  results  appear  to  be  outstanding.  The  ranges  of 
these  experimental  vehicles  are  compared  with  the  ranges  of  all 
other  foreign  and  domestic  lead-acid-battery  powered  cars  anl  vans 
in  figure  3-43.  The  data  for  “all  other'1  vehicles  are  presented 
m envelope  form.  Included  in  the  envelope  are  vehicles  developed 
by  private  enterprise  in  Japan  (ref.  19).  The  higher  range 
capability  for  all  of  the  MITI  vehicles  shown  is  exceptional,  in 
particular  for  the  EV  2H  and  EV  4H,  two  of  the  vehicles  with  the 
hybrid  batteries. 


o Electric  vehicles  devel- 
oped by  the  Japanese 
government  IMIT1) 

□ Japanese  commercial 
electric  vehicles 


Envelope  for  other 
electric  vehicles  * 


40  60  80 

Speed,  km/h 


I L I 

0 25  50 

Speed,  mph 

Figure  3-43.  - Electric  vehicle  range  as  function  of  speed.  Comparison  of 
Japanese  electric  vehicles  with  others. 
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3.5  SUMMARY  OF  ELECTRIC  VEHICLE  STATUS 

LyeH  ftr"" 

yields  a areat  d tne  lltarature*  Each  of  these  sources 

^^w.wsss.  sna-.-sa. 
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data  from  the  three  sources  shows  some  apparent  inconsistencies 
which,  although  noteworthy,  are  not  alarming  since  most  can  be 
attributed  to  differences  in  test  and/or  operating  conditions. 

Range,  acceleration,  and  maximum  speed  measured  for  the  test 
vehicles  have  been  compared  wi^h  those  reported  from  the  same 
vehicles  in  the  literature.  This  comparison  is  presented  in 
figure  3-44.  Ratios  of  track  test  results  to  the  literature  data 
for  these  parameters  are  presented.  In  general,  the  performance 
data  given  in  the  literature  tend  to  be  higher  than  track  test 
data.  Most  of  the  range  data  from  the  two  sources  agree  to  within 
about  25  percent,  but  some  vary  by  as  much  as  60  percent. 

Agreement  is  also  better  between  test  results  for  maximum  speed 
and  acceleration  data  and  comparable  literature  data.  Ten  of  the 
eleven  maximum  speed  comparisons  and  half  of  the  acceleration 
times  are  within  20  percent  of  agreement.  The  agreement  on 
performance  data  between  these  two  sources  lends  credibility  to 
treating  all  data  from  the  three  sources  as  a single  set  rather 


Personal  vehicles  Commercial 


a 


Personal  vehicles  Commercial  vehicles 


Personal  vehicles  Commercial  vehicles 


Figure  3-44.  - Comparison  of  track  and  literature  performance  data  for  some  vehicles. 
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Figure  3-45.  - Constant  speed  range  results. 
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eacn  plot,  the  literature  data  are  shown  as  points  and  the  tracic 
data  as  two  curves;  tne  upper  curve  represents  tne  data  from  the 
vehicles  tested  that  nad  tne  greatest  range  capability  wnile  tne 
lower  curve  represents  an  average  value  for  all  the  remaining 
vehicles  tested.  The  longest  range  measured  at  tne  t-racx  was  190 
Kilometers  (120  miles)  with  several  manufacturers  quoting 
comparable  ranges.  An  envelope  representing  the  data  from  figure 
3-45  is  replotted  in  figure  3-46  along  with  data  from  the 
literature  for  vehicles  built  under  the  Japanese  government's  HITI 
program  and  for  vehicles  built  by  Japanese  automobile 
manufacturers  (ref.  20).  The  vehicles  developed  and  tested  under 
the  Japanese  government's  R&D  programs  are  reported  to  have  ranges 
greater  than  tne  range  of  all  other  vehicles.  All  these  Japanese 
government  vehicles  use  high  power  lead-acid  batteries  and 
advanced  propulsion  system  and  vehicle  tecnnolog ies . They  are 
experimental  and  are  not  representative  of  vehicles  available  in 
today's  marxet;  they  may,  nowever,  indicate  tne  potential  of 
electric  vehicles. 


O Electric  vehicles  developed  by  the 
Japanese  government  (MITI) 


Speed,  km/h 

L I L 

0 25  50 

Speed,  mph 

Figure  3-46.  - Electric  vehicle  range  as  function  of  speed.  Comparison  of 
Japanese  electric  vehicles  with  others. 
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33BBLE  3-21*  - CrMPAHISOT  OS?  USER  EXPERIENCE  AND  TRACK  RAN®  DATA 


Vehicle 

code 

tfeex-experienced 
average  range 

SAE.  J227a  track  tests 

USPS  cycle 

Driving 

schedule 

average  range 

km 

miles 

km 

miles 

km 

miles 

P-5 

8-16 

5-10 

B ' 

39 

24 

P-6 

32.  - 48 

20  - 30 

B,C 

120 

a75 

r-.-. 

P-8 

24  - 32 

15  - 20 

C 

32 

20 

— — 

P-10 

16  - 40 

10  - 25 

B 

32 

20 

— ' 

C-l. 

16  - 64 

10  - 40 

BfC 

72 

a44 

, ,,  , 

C-2 

16  - 24 

10  - 15 

B 

54 

34 

35 

22 

0-3 

19  - 96 

12-60 

B,C 

60 

a37 

_ 

C-9 

24  - 32 

15-20 

B 

34 

21 

42 

26 

aNumerical  average  of  all  B and  C schedule  data. 


LxtUe  range  data  for  stop-and-go  driving  schedules  were 
available  from  the  literature  to  supplement  the  track  data. 
However,  the  range  data  available  from  the  user  experience  survey 

X?utable  3“*21'  These  data  are  also  compared  on 
table  3-21  with  the  track  test  data  taken  on  vehicles  tested  under 

a ap*ed  profiles  and  those  measured  in  separate 
a 0S?S  giving  cycle,  with  two  exceptions,  the  user 
range  data  are  significantly  lower  than  the  range  measured  in 
traS^esfcs‘  Weathej:/  hills,  driver's  skill,  and  vehicle 
condition  and  age  can  all  measurably  contribute  to  the  reduced 
range  m the  field. 


The  only  data  available  on  buses  are  from  the  literature  and 

rtoni£*?XPSEience  since  bus  track  test  data  were  not  available,  in 

Pur  batJtery  charge  achieved  by  buses  appears  to 
be  adequate  for  the  buses  to  meet  many  intra-city  route 

requirements.  At  speeds  of  30  to  50  kilometers  per  hour  (18  to  30 

Sooi  ' E221»ShVai:y  from  60  to  120  kilometers  (36  to  104  miXes)  with 
most  buses  having  ranges  greater  than  100  kilometers  (60  miles). 
Where  the  routes  require  greater  ranges,  many  foreign  electric 
tottery  exchai?ge  stations?  thus,  the  distance  traveled 
in  a day  is  no  longer  limited  by  the  capacity  of  one  battery.  The 

?ermany  average  300  kilometers  (180  miles)  per  day 
using  this  technique. 

3*5.2  Energy  Consumption 


Energy  consumption  was  measured  for  most  of  the  cars  and  vans 
tested  (X)  on  the  track,  (2)  by  some  of  the  users  of  electric 
vehicles,  and  (3)  by  a few  of  the  manufacturers.  The  energy 
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consumption  data  obtained  from  the  tracx  tests  for  electric 
vehicles  and  from  users'  experiences  with  cars  and  vans  are  shown 
in  figure  3-47.  The  upper  shaded  band  encompasses  the  data 
ootained  from  users'  experiences;  tne  lower  band  shows  the  track 


Electric  buses  not  included  in  the  figure  average 
0.18  watt  hour  per  kilometer  per  kilogram  (0.13  Wh/mile-lbm) ; 
thus,  they  have  lower  energy  consumption  per  unit  weight  than  most 
of  the  vans  and  cars. 


1.5r-  Slope. 

Wh/km-kg 

(Wh/mile-lbm) 


0 1000  2000  3000  4000 

Gross  vehicle  weight,  kg 


0 2000  4000  6000  8000 

Gross  vehicle  weight.  Ibm 

Figure  3-47.  - Energy  consumption  - comparison  of  track  tests  and 
field  experience  for  cars  and  vans. 


fne  energy  consumption  reported  by  users  appears  to  averaae 
about  twice  that  of  the  vehicles  tested  on  the  track.  Part  of 
this  increase  is  probably  due  to  differences  between  the  track  and 
m-use  environments  - that  is,  hills,  climate,  winds,  driver's 
skill,  and  nonoptimum  cnarging  techniques.  Anotner  reason  for  the 
difference  may  lie  in  the  data  sample.  The  data  sample  available 
from  venicles  operating  in  the  field  includes  vehicles  built  up  co 
5 years  ago,  while  the  track  data  are  from  (in  many  cases)  newer 
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OEBIE  3-22,  - CCMPARISCN  OF  USER  EXPERIENCE  A KD  TRACK  ENERGY 


CONSUMPTION  mm 


Vehicle 

code 

In  use 

SAE  3221a.  track  data 

USPS  tests 

Energy  conswption 

kWh/km 

M’Jh/mile 

kWh/km 

kWh/mile 

kWh/km 

kHh/mile 

Eu6a 

0.22 

0.35 

0.22 

— 

( ti 

P-8 

.5 

.8 

0.43  *-  0.51 

Wxmjm 

— 

C-l 

.75 

1.2 

0.64  - 0.70 

1.0  - 1.1 

. iimr-. 

02 

.94 

1.52 

0.51 

0.82 

0 67 

1.08 

C-3 

' *5 

.9 

0.50 

0.81 

„ 

09a 

.62 

l.ff 

.63 

1.01 

EnchIrge°nSUmPti°n  n0t  ad3USted  for  1 0-percent  battery  over- 


electric vehicles  of  different  designs  built  by  different 
manufacturers.  Comparative  data  from  both  track  test  and  in-use 
experience  are  available  for  only  six  types  of  electric  vehicles 
Energy  consumption  for  these  vehicles  is  tabulated  in  table  3-22* 
The  track  data  are  for  SflE  J227a  driving  cycles  (see  section  3 3' 

?rffaP2?i  and.'  in  tw°  cases'  for  a ?°stal  driving  cyc?e 

ind^-J1  'The^e  S'  °ompletf  data  wera  obtained  for  vehicles  C-l 

theufield  taa"  °«  the  track.  SasId  Sn  these 
limited  data  it  may  be  estimated  that  an  average  increase  in 
consumption  of  about  35  percent  may  be  expected  in  the 
field  over  what  track  results  would  indicate.  P ln  the 

Four  conventional  vehicles  were  tested  on  ^ a»>  _ _ 

fconv^iSPfdS  a?d  drivin9  schedules  as  their  electric  vehicle  ™ 

each  condition°UnThrparta’  Gasoline  consumption  was  measured  for 
?°ndltlon*  •,  T^e  e<3uivalent  heat  energy  consumptions  of  these 
Wre*  vehicles  are  compared  with  the  electee  vehicle!' 

rom^n+-?^nSilmptu°n'i ln  fcable  3“23-  Two  values  are  given  for  the 
conventional  vehicles;  the  measured  gasoline  consumption  and  fchf* 

value  “f  114SOOOtBt«  °onver!:?d  to  its  equivalent  lower  heating 
value  of  114,000  Btu  per  gallon.  The  electric  vehicle  enercrv 

consumption  is  reported  as  measured,  as  converted  to  its  thermal 

olantaa!dfcd  *afd*KS4-^ne  thermal  equivalent  assuming  the  Utility 

efficient  Atr33UDP?e«nrt??-S“PPiyin9  the  vehic*e  are  33  percent 
err ic lent*  At  33  percent  efficiency  the  enerqv  consumot  ionc* 

eouivallnf10^1  and  el!ctric  vehicles  arfessentifuy 
equivalent.  The  quantity  of  thermal  energy  consumed  is  about  the 
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2RELB  3-23.  - ENERGY  CCKSIMPTICN  OF  CONVENTIONAL  AND  ELECTRIC  VEHICLES 


Vehicle 

code 

lest  condition 

Conventional  vehicles 

Electric  vehicles 

Average  energy  consumption 

As  rreasL 

cred 

Equivalent  heat  energy 

As  measured 

Equivalent  heat  energy 

kir/liter 

inpg 

kMh/km 

Btu/ndlea 

kHh/km 

kWh/mile 

At  100  percent 

At  33  percent 

efficiency. 

efficiency 

Btu/mile 

kWh/km 

Btu/mile 

P-2 

Constant  speed 

22 

51 

0.41 

2200 

0.15 

0.24 

820 

0.45 

2500 

Driving  schedules 

10 

24 

.86 

4700 

.21 

.33 

1100 

.64 

3400 

P-7 

Constant  speed 

11 

27 

.77 

4200 

.26 

.41 

1400 

.77 

4200 

Driving  schedules 

6 

15 

1.38 

7600 

.35 

.56 

1900 

1.05 

5800 

C-2 

Constant  speed 

11 

25 

.83 

4600 

.35 

.57 

1900 

1.06 

5900 

Driving  schedules 

6 

14 

1.48 

8100 

.50 

.80 

2700 

1.52 

8300 

C-3 

Constant  speed 

14 

34 

.61 

3400 

.30 

.48 

1600 

.91 

5000 

Driving  schedules 

7 

16 

1.30 

7100 

.50 

.81 

2800 

1,52 

8400 

a114  000  Btu/gal  of  gasoline. 


frSm  fSllhbSrnpl  thermal  energy  comes . from  a vehicle  engine  or 
in  turn  Powers  an  electric'vehicle!  t0  generate  electrici^  whi<* 

3.5.3  Regenerative  Braking 

„at>.  Regenerative  braking  was  provided  on  9 of  the  22  electric 

section%tAShe<3‘  FSW  °f  fcl?e  Amer ican-bu il t vehicles  listed  in 
haVe  re?eneratxve  braking,  but  half  of  the  foreign 

incorDoratpeth?He?UXhPad  and  virtually  aH  new  foreign  vehicles 
incorporate  this  technique.  Very  few  data  are  available  in  the 

fro^track  ?L^%eff?°tivenu°S  of  re9enerative  braking.  Data 
„ * t^2°Jc,tests  f°r  five  vehicles  show  an  average  increase  in 
p.ercal}t  (see  table  3-24)  due-  to  the  use  of 

rellnt  evaluaMnn1"?  f0r  the  B.and  C drivin9  schedules.  The 
recent  evaluation  of  regenerative  braking  systems  by  the  Lawrence 

rannem°v?  Lal?^atory  (ref.  22)  indicates9that  an  18  to  30  percent 
range  extension  for  the  same  conditions  should  be  achievable  W1>h 

vehicfe^vstems^^Thiq11^  m?re  .adYanc®d  lead-acid  battery  and 
results  When  ,,?-S ^anaiysis  is  consistent  with  the  NASA  test 
, en  the  design  limitations  of  present  reqenerative 
systems  tested  are  considered.  regenerative 


EfflLE  3-24.  - KEXSNERKrlVB  BRAKING 


Vehicle  cods 

Driving  schedule 

B 

c 

Average  range  inprovement  due 
to  regenerative  braking, 
percent 

P-3 

2 

21 

P-6 

12 

31 

P-7 

10 

9 

03 

5 

1 

05 

11 

29 

Average  of  all  tests 

i: 

3 

3.5.4  Acceleration,  Maximum  Speed,  and  Gradeability 

data  for  elecfcric  vehicles  from  the  track  tests 

the  oerforman^Un?  t?bu^ated  in  table  3-25  and  compared  with 
t5e  Per!ormance  of  ? typical  conventional  car.  The  performances 
of  the  four  conventional  vehicles  tested  under  this  program 
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TOWT.-R  3-25.  - ELECTRIC  AND  CONVENHCNAL  VEHICLE  EERcORt©NCE  FROM  TRACK  TESTS  AND  LITERATURE 


Type  of  vehicle 

Track  tests 

literature 

: 

Track  tesfcsa 

Track  tests 

literature 

Acceleratics 

l - time  to 

Maximum  speed 

Gradeabil  ity  - grade  that 

reacn  fto  Knyn  uipu/ , 

knv/h 

mph 

km/h 

mph 

(25  ugh). 

percent 

Personal  electric 

14  - 45 

6-32 

48  - 90 

30  - 56 

40  - 130 

25  - 80 

2-9 

— 

vehicle 

Ccmter  cial  electric 

11-51 

7-21 

56  - 90 

35  - 56 

26  - 113 

16  - 70 

1-11 

■— 

vehicle 

Typical  conven- 
tianal  car 

Electric  bus 

5 

15-21 

>130 
37  - 80 

>80  ! 
23  - 50 

20 

^t  gross  vehicle  weight. 


TABLE  3-26.  - TRACK  PERFORMANCE  DATA.  FOR  CCNVENTICNAL  VEHICLES  AND  THEIR 


ELECTRICAL  COUNTERPARTS 


ehicle 

code 

Conventional 

vehicle 

Electrical 

counterpart 

Conventional 

vehicle 

Electrical 

counterpart 

Conventional 

vehicle 

Electrical 

counterpart 

Acceleration  - tire  to 

Maximum  speed 

Gradeability  • 

- grade  that 

readh  48  km/h  (30  mph) , s 

can  be  climbed  at  40  km/h 

km/h 

nph 

kn/h 

irph 

(25itph), 

percent 

8 

34 

>129 

>80 

64 

40 

16 

3 

7 

17 

>129 

>80 

90 

56 

19 

6 

6 

23 

>97 

>60 

56 

35 

19 

4 

10 

14 

>97 

>60  | 

72 

45  S 

13 

7 

in  tableP3-26/1TLtdatIein°bothCtfh?f  tnhir  electric  counterparts 

acceleration, '^xiLm  speed^and  g^adLVmtVof ■ 

are  Significantly  lower  than  thosl  o^conve^xon'af'vfhlcLs?1110153 

kiloraeteL^er^ou^no^on?0^1^3  Can  accelerate  from  0 to  48 
electric  vehicles  " 5 s?oonds  °r  less.  All  the 

kilometers  per  hour  and  two  f-no£S  tftan.|°  seconds  to  reach  48 
speed,  a few  electric  vehic!^^ L°Veru4f  seconds  to  reach  this 
to  accelerate  to  48  kilometers  n s°rxbed  xn  the  literature  claim 

T°T; S“SL;n"3“;  «>*;  «i~  .c2Ji"?S“e 

per  hour  (30  mphj^some  actually  fc2  reach  48  kilometers 

conventional  counterparts?  Y accelei:ate  faster  than  their 

sIct?onS3°2n3Cl  ***  ^ 

eithe^fiel^experience^r^fro^the^ iterature.aVa^lat>^e  *«« 

speeds,  but ^ost^lectr io^sh Ve5y  stf?p  grades  at  very  low 
than  a 5 percent  grade  (the  maximm  have  dlfficulty  climbing  more 
highway)  at  40  kilomeLrs  Lr  ^ ,f^ade  °n  an  interstate 

araisE  SpLSfLxr«.c;"S: 

commerciarveMcLrtestedS?ardieri°t  the  alectric  personal  and 
hour  (30  to  56  mph)  fr0m  48  t0  90  kil°raeters  per 

the  vehicle  and  represent  thei£em?eaSUret3  at  the  gross  weight  of 
speeds  for  electric  vehicles  as  S SH!  ??£a£Hity’  Maxim™ 

(80  mph)  are  quoted  in  thi  fiff  Jligh  *3,0  kllometers  per  hour 

at  no  to  llo^almeterfper  tour  ^o'to1^  m\n?  ''ehicles  listed 

f?t^a^LrafiiLm^^d  1 ^-i^rs»me^?StS^^Ura 

percent^ ^a^iqnif f l ^SSS^dl  To^l  £% 

speed  would  be  recorded  ^This^ef fecthS  el?c^rx?  vehicles  maximum 
test  weight  «ay  a Z for  ™ „ A>,CO  wlth  differences  in 

the  literature!  aCC0Unt  for  some  of  the  higher  speeds  quoted  in 

routes^r 'missions  till  require^Ifrfv^ow^r ’S aSSigned 
is  consistent  with  urban  y 1 " drxvxng  speeds,  which 
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More  development  work  is  obviously  required  to  increase 
maximum  speed,  acceleration,  and  gradeability  without 
significantly  sacrificing  range  and/or  battery  life  unless  or 
until  lower  performance  is  accepted  by  the  public. 

3.5.5  Payload 

Many  of  the  electric  personal  and  commercial  vehicles  built 
in  the  United  States  have  very  limited  payload  capability.  Only 
two  of  the  personal  vehicles  tested  were  designed  to  carry  four 
passengers  without  exceeding  the  manufacturer's  recommended  gross 
vehicle  weight,  even  though  several  other  vehicles  had  four  seats. 
Most  of  the  electric  personal  vehicles  listed  in  the  literature 
appear  to  be  designed  for  fewer  than  four  passengers.  One  reason 
for  this  is  that  the  batteries  take  up  much  of  the  weight  (and 
space)  of  the  vehicle. 

Delivery  vans  have  more  space  and  weight  capacity  for 
batteries  and  are  not  as  limited  in  payload  capability.  The 
payload  capabilities  of  the  delivery  vehicles  tested  varied  from 
168  to  800  kilograms  (370  to  1770  Ibm)  with  most  exceeding  400 
kilograms.  Payload  capabilities  up  to  2000  kilograms  (4400  lbm) 
are  quoted  in  the  literature. 

Transit  buses  have  not  been  limited  in  their  passenger 
capacity  by  the  increase  in  weight  due  to  the  batteries  they 
carry,  in  some  cases  exceptions  to  local  ordinances  regulating 
axle  loads  have  been  required. 

3.5.6  Braking,  Driveability,  and  Safety 

Braking  tests  were  conducted  on  twelve  electric  vehicles 
during  this  assessment.  Virtually  all  tests  were  passed,  but  most 
vehicles  required  heavy  pressure  on  the  brake  pedal.  Only  two  had 
power-assisted  brakes. 

i -,The  Yi®i}icles  tested  had  a tendency  to  understeer  and  to  turn 
slowly.  This  coupled  with  slow  acceleration  produce  a different 
teel  to  the  driver,  which  can  make  operation  in  moderate  speed 
trarric  difficult.  Reductions  in  vehicle  weight  and  modifications 
to  the  steering  and  braking  systems  should  lead  to  improvements  in 

l il  S © V*  P P R _ 


Electric  vehicles  present  new  automotive  safety  problems 
because  the  general  public  is  not  used  to  handling  high  voltages. 
To  help  assure  the  safety  of  private  citizens  who  may  choose  to 
W0^\0n  "heir  OWI?  vehiclesf  protected  connectors  and  special  tools 
and  handling  equipment  plus  careful  instruction  are  needed. 

3.5.7  Reliability 


...  . electric  vehicle  industry  is  very  young.  Relatively 

little  time  or  money  for  developing  electric  vehicles  has  been 
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(300  miles)  was  common.  The  user  exoeriLn!^  eYery  500  kilometer 
reveals  a similar  pattern  (1  to  2 faiw?=  Show?  ln  fi3ure  3-4 
exceptions  were  noted.  The  Hwbilfc  . 1000  km>-  Some 

reported  to  have  failure  rate? ? Used  hy  the  usps  are 
(6000  miles).  The  vw  FiAn?™f\~°r  about  one  in  10  000  kilometers 

experienced  only  four  faUures  ^ed  in  Germany  t6rS 

These  exceptions  illustrate  °9°  kilometers  (6000  miles) 

suff icientPdevel0pmenttcanebehunderta^aiKf?r  hi?h  ^UabUity  ij 

vehicle  into  service.  D undertaken  before  introducing  a 

3.5.8  Vehicle  Cost 

of  a conventional  vehicle?”  The^igh  costs16  ishrou9nly  twice  tha 
• the  low  volume  production  and  costs  can  be  attributed  to 

than  to  inherently  ^“sive  construct -S  °f  oonve^ions  rather 
as  production-  runs  increase?  nstruction.  Costs  should  get  lowe 

Comparable  to^ha^for^onvent ionf?r  el^ric  vehicles  is 

the  four  conventional  vehicles  teste^to^?3'*-  ?he  fuel  costs  for 

procedures  are  compared  with  those  n*  % electric  vehicle  test 

Wlth  those  of  fch^r  electric  counterparts 


I 

1 


i 

i 

i 

! 


TABLE  3-27-  - FUEL  COSTS  FOR  CONVENTIONAL  VEHICLES  AND  THETK  ELECTRICAL  ODUMIERPARIS 


Vehicle 

code 

Test  condition 

conventional 

vehicle 

Electrical 

counterpart 

Conventional 

vehicle 

Electrical 

counterpart 

Fuel  cost 

16^/litsr 

5$/KWh 

60£/gal 

5«AWh 

Average  fuel  cost 

cents/km 

cents/mile 

P-2 

Constant  speed 

0.7 

0.7 

1.2 

1.2 

Driving  schedules 

1.6 

1.1 

2.5 

1.7 

P-7 

Constant  speed 

1.4 

1.6 

2.2 

2.1 

Driving  schedules 

2.4 

2.2 

3.9 

2.8 

0-2 

Constant  speed 

1.5 

1.6 

2.4 

2.9 

Driving  schedules 

2.5 

2.4 

4.1 

4.0 

0-3 

Constant  speed 

1.5 

2.4 

Driving  schedules 

2.5 

Wmmt 

4.1 

in  table  3-27.  At  the  energy  costs  assumed,  average  vehicle  fuel 
costs  are  almost  identical.  It  is  likely  that  as  electric 
vehicles  are  further  developed  their  fuel  costs  will  be  lower  than 
those  of  their  already  highly  developed  conventional  counterparts. 
The  comparison  will  also  be  influenced  heavily  by  future  cost 
trends  for  both  types  of  fuels  and  local  pricing  situations. 


. . ? aintenance  costs  have  been  relatively  high  for  electric 
vehicles  partly  due  to  the  immaturity  of  the  vehicles  and  partly 
due  to  the  extensive  labor  necessary  for  battery  charging, 
watering,  checking,  and  servicing.  The  experience  with  "milk 
floats  in  England  has  shown  that  repair  costs  can  be  low. 

Battery  improvements  to  reduce  water  loss  and  to  simplify  charging 
and  water  addition  are  necessary  before  these  battery-associated 
losses  are  reduced. 


The  life  of  the  batteries  used  in  most  American-built 
electric  vehicles  is  about  1 year  or  3000  to  6000  miles.  Foreiqn 
vehicles  such  as  the  Harbilt  postal  van  use  industrial  or 
semi- industrial  batteries  whose  lives  are  much  greater.  The  USPS 
Harbilt  s batteries  have  been  in  operation  for  up  to  4 years  or 
10  000  miles  without  a failure.  Battery  replacement  costs  for 
electric  vehicles  are  very  high.  Major  improvements  in  battery 
life  to  reduce  replacement  costs  are  essential  if  the  electric 
venicle  is  to  be  cost  effective. 


High  initial  cost,  high  maintenance  cost,  very  high  battery 
replacement  cost,  and  the  limited  usage  of  electric  vehicles 
result  in  a high  life  cycle  cost  and  cost  per  mile  traveled. 
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Longer  vetucle  and  battery  lives  and  improvements  in  daily 
operating  range  are  needed  to  make  costs  competitive  with 
conventional  vehicles  for  general  applications. 

3.5.9  Status  of  Electric  Vehicle  Industry 

vehiclesParietvni^ned  dGSign  and  ■"‘••future  of  electric 

! typically  small,  entrepreneurial  concerns.  The 

b °f  on-the-road  venicles  manufactured  by  any  United 
btates  company  in  recent  years  is  2000.  Most  companies  have 
produced  less  than  100  venicles.  While  the  total  number  of 

verv  h?ahrrS  electric  vehicles  is  increasing,  there  nas  been  a 
on  fhp  ur?ov®r  .rate*  . T°e  number  of  manufacturers  of  large 
° : rhr  ° *enicles  for  1973  through  1976  are  shown  in 

All?ost  two-thirds  of  these  manufacturers  have  been 
in  business  for  3 years  or  less. 

fne  immaturity  of  the  industry  certainly  contributes  to  the 
encountered  °f  electric  vehicles  and  the  difficulties 

these  orobfem2  wn?  ^ 9 PartS  a"d  servicin<3-  It  is  expected  that 
these  problems  will  disappear  as  the  industry  matures  and  expands. 


Manufacturers  who 
entered  market  in  - 


1 1913 or  earlier 


1973  1 974  1 975  1 976  1 973  1974  1975  1 976 


United  States  Foreign 

Figure  3-49.  - Manufacturers  of  large  on-the-road.  battery 
powered  vehicles.  (Data  obtained  from  ref.  23.) 
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4.0  ELECTRIC  VEHICLE  COMPONENTS 


The  electric  and  hybrid  vehicles  in  existence  today  consist 
of  limited  production  vehicles  such  as  the  USPS  vans,  various  . 
experimental  vehicles  such  as  the  CDA  town  car,  and  conversions  of 
conventional  vehicles  either  for  private  use  or  sale.  The 
component  quantities  required  have  not  been  sufficient  to  justify 
extensive  development  by  private  industry.  Consequently, 
designers  have  had  to  adapt  and  modify  equipment  that  was 
originally  designed  for  applications  such  as  conventional 
vehicles,  industrial  truck,  or  golf  cars. 

The  components  of  an  electric  vehicle  propulsion  system  are 
shown  in  block  diagram  form  in  figure  4-1.  An  example  of  a 
component  arrangement  is  shown  in  figure  4-2.  These  components 
consist  of  tires,  differentials,  transmissions,  traction  motors, 
controllers,  batteries,  and  battery  chargers.  The  tires, 
differentials,  and  transmissions  generally  are  standard  automotive 
types.  Where  conventional  vehicles  have  been  converted  to 
electric  vehicles  the  existing  mechanical  drive  train  usually  has 
been  retained.  The  motors  frequently  are  rebuilt  industrial  truck 
motors  or  surplus  aircraft  generators.  The  controllers  and 
battery  chargers  are  either  adaptations  of  industrial  truck 
controllers  or  custom  designs.  Unless  the  vehicle  was  to 
demonstrate  a special  type  of  battery,  the  batteries  are  golf  car 
or  industrial. 

For  an  electric  vehicle,  range  is  one  of  the  most  important 
considerations.  The  upper  bound  on  range  is  determined  by  the 
energy  capacity  of  the  battery.  Within  this  bound,  the  range  is 
determined  by  the  energy  utilization  efficiency  of  the  system.  In 
turn,  the  effective  utilization  of  energy  depends  on  component 
efficiencies,  component  interactions,  and  driving  strategies.  The 
value  of  high  component  efficiencies  is  well  recognized.  Not  as 
apparent  is  the  fact  that  component  interactions  generally  result 
in  all  components  operating  at  less  than  their  maximum 
efficiencies.  The  most  important  component  interactions  involve 
the  battery.  Both  Boo z- Allen  and  Hamilton,  Inc.,  and  Rohr 
Industries,  Inc.  (refs.  1 and  2)  point  out  that  no  single  system 
will  be  the  most  efficient  system  over  different  driving  cycles. 

Unfortunately,  in  most  of  the  other  applications  from  which 
the  components  were  adapted,  efficiency  was  not  a major  design 
consideration.  Consequently,  efficiency  data  frequently  are  not 


Charger 


Controller 


Transmission 


Mechanical  flow 
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Figure  4-1.  - Schematic  of  electric  power  train 


Figure  4-2.  - Component  arrangement  in  electric  vehicle. 


?vaiiuble*  In  soms  cases  the  manufacturer  does  not  have  the  data. 
In  other  cases  the  operating  conditions  of  the  electric  vehicle 
are  so  vastly  different  from  those  for  which  the  component 
originally  was  designed  that  the  available  data  are  of  marginal 
V other  cases  the  electric  vehicle  builders' 

modifications  have  negated  the  original  data.  Most  of  the  vehicle 
builders  lack  the  equipment  and  resources  necessary  to  obtain 
meaningful  efficiency  data,  and  the  economic  incentive  is 
insufficient  to  induce  the  manufacturers  to  perform  additional 
tests.  Obtaining  pertinent  component  test  data  is  costly  and  time 
consuming.  Because  the  electric  vehicles  operated  over  various 
driving  schedules,  transient  as  well  as  steady-state  component 
performance  data  are  required.  The  best  available  instrumentation 
is  inadequate  to  measure  the  power  in  the  pulse  circuits  used  in 
some  controllers  and  chargers  to  the  desired  degree  of  accuracy 
(ref.  3).  When  determining  efficiency  by  the  ratio  of  power 
output  to  power  input,  the  tolerances  on  the  individual 
measurements  are  cumulative.  Consequently,  1— percent  errors  in 
individual  measurements  of  voltage,  current,  speed,  and  torque 
result  m 4-percent  tolerances  in  a motor  efficiency  calculation. 

A preferable  method  of  determining  efficiency  is  by  the 
identification  and  measurement  of  losses. 


Data  must  be  obtained  under  carefully  controlled  conditions. 
Component  interaction  plays  such  an  important  role  in  electric 
vehicle  performance  that  an  understanding  of  the  effects  of 
varying  individual  parameters  is  required.  For  example,  the 
efficiency  of  a given  motor  and  controller  combination  will  vary 
according  to  the  state  of  charge  and  type  of  battery  being  used. 
Also,  either  several  units  must  be  tested  to  determine  the 
tolerance  limits  in  the  data,  or  the  specific  unit  that  will  be 
used  on  a specific  vehicle  must  be  tested. 

s^ows  the  components  of  the  power  train  system 
?ur?nrju  in  a ser*es  configuration.  This  arrangement  requires 
that  the  external  performance  characteristics  of  the  components  be 
matched.  For  instance,  the  torque  and  speed  outputs  of  the 
traction  motor  must  be  compatible  with  the  torque  and  speed 
requirements  of  the  transmissions.  Similarly,  the  voltage  and 
current  requirements  of  the  motor  must  be  supplied  by  the 
controller  and  battery.  Also,  the  overall  efficiency  of  the 
sy®^ei?  1S  equal  to  the  product  of  the  individual  component 
efficiencies.  Even  if  each  component  operated  at  90-percent 
efficiency,  the  overall  vehicle  efficiency  would  be  less  than  50 
percent,  in  practice,  each  component  efficiency  ranges  from  zero 
(at  no  load)  to  some  maximum  value. 

The  components  shown  in  figure  4-1  are  discussed  in  the 
sections  which  follow,  beginning  with  tires  and  ending  with 
battery  chargers.  Emphasis  is  on  individual  components  and  not  on 
system  considerations.  Only  steady-state  characteristics  are 
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discussed  because  transient  data  are  virtually  nonexistent. 

4.1  TIRES 

The  distribution  of  energy  losses  varies  from  one  vehicle  to 
another , but  at  speeds  of  about  64  to  80  kilometers  per  hour  (40 
to  50  mph)  the  aerodynamic  and  road  load  losses  are  generally 
about  equal.  These  two  losses  comprise  over  half  the  energy 
requirements  of  the  battery.  At  high  speeds  the  aerodynamic 
losses  predominate  the  road  load  losses.  At  lower  speeds  the 
reverse  is  true.  Because  the  efficiencies  of  the  other  vehicle 
components  are  each  less  than  100  percent,  these  losses  are 
compounded  as  they  are  conveyed  through  the  system.  Tire  energy 
losses  comprise  nearly  all  the  road  load  losses.  Consequently, 
low  rolling  resistance  is  of  primary  consideration  when  selecting 
electric  vehicle  tires. 

The  factors  which  affect  rolling  resistance  are  described  in 
reference  1.  Some  of  the  main  points  are  given  here.  The 
magnitude  of  rolling  resistance  losses  is  determined  principally 
by  the  hysteresis  of  the  tire  materials.  The  hysteresis  of  the 
materials  and  structure,  due  to  deflection  as  the  tire  rolls, 
comprise  about  90  to  95  percent  of  the  total  tire  loss.  The 
remaining  5 to  10  percent  is  due  to  surface  friction  at  the 
tread-to-road . interface  and  aerodynamic  drag.  The  factors  which 
are  most  significant  in  determining  hysteresis  losses  are  tire 
material,  construction,  load,  and  inflation  pressure. 

Rubber  compounds  with  high  rebound  or  spring  back 
characteristics  reduce  the  energy  loss  in  the  tire.  Figure  4-3 
shows  the  relationship  of  relative  rolling  resistance  to  rubber 
rebound  characteristics.  The  100-percent  baseline  is  a 
conventional  tire  material  with  60-percent  rebound. 

Tire  cord  angle  has  received  considerable  attention  in  recent 
years.  Rolling  resistance  as  a function  of  tire  construction  and 
cord  angle  is  given  in  figure  4-4.  The  radial  belted  tire  has 

^ percent  lower  rolling  resistance  at  speeds  up  to  60 
mph  than  the  conventional  bias  tire.  A further  reduction  in 
rolling  resistance  is  achieved  by  using  steel  belted  radial  tires. 

, Figure  4-5  shows  the  relationship  of  relative  rolling 
resistance  to  percent  of  rated  load,  and  figure  4-6  shows  how 
rolling  resistance  varies  with  tire  pressure  and  speed. 

Installing  oversize  tires  on  a vehicle  reduces  the  percent  of 
rated  load  on  the  tires.  Consequently,  rolling  resistance  can  be 
reduced  by  using  oversize  tires  at  high  inflation  pressures. 

_ manufacturers  made  the  following  recommendations  for 

a 1636-kilogram  (3600-lbm)  electric  vehicle  with  a cruise  speed  of 
88  kilometers  per  hour  (55  mph)  (ref.  1): 
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Figure  4-3.  - Effect  of  rubber  rebound  characteristics  on 
rolling  resistance. 
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Figure  4-4,  - Effect  of  speed  on  rolling  resistance 
for  various  tire  constructions. 


153 


Manufacturer 

Manufacturer's  code 

Inflation  pressure 
(cold) 

Rated  load 

Rolling 

resistance 

coefficient 

kPa 

psi 

N 

lbf 

Goodyear 

BR78-13  (radial) 

165 

24 

4360 

980 

0t  01 0 

HR78-15  (radial) 

165 

24 

6710 

1510 

.008 

Firestone 

P185/65R14  (radial) 

165 

24 

4180 

940 

_ m 

DR70-40  (radial) 

220 

32 

d?um  ?ype  laborltor^test^rJ -ing  resistance  data  were  taken  on  a 
is  a run-flat  tvoe  whioh^fS1"?'  -The  Firest°ne  P185/65R14  tire 
and  thus,  save  vehicle  we iahtdandX^2ate  the.need  for  a spare  tire 


TABLE  4-1.  - TIRE  CHARACTERISTICS 

[Load,  80  percent;  speed,  96  km/h 
(60  mph) .] 


(a)  Firestone  HR78-15  (radial) 


Inflation 

Applied  load 

Rolling 

resistance 

coefficient 

BH 

N 

lbf 

20 

4850 

1090 

0.015 

25 

5500 

1240 

.013 

30 

6090 

1370 

.012 

40 

7160 

1610 

.0105 

(b)  Firestone  GR78-15  (radial); 
inflation  pressures  not 
available 


Applied  load 

Rolling 

resistance 

coefficient 

N 

lbf 

3110 

700 

0.0068 

3560 

800 

.008 

4000 

900 

.009 

4450 

1000 

.0102 
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txresVthat1cLeon^ff  ^tJ.1?t:ernai  combustion  engines  require 
cires  that  can  operate  at  high  speeds  for  prolonqed  periods  in 

reaions  e™iro™ents .ranging  from  fiat  deser?to9!cyPmountainCus 
cha^actpr i 'a and  puncture  resistance,  wear 
rrnw?  ^ ^ Vand  ride  quality  have  been  of  primary  concern 

°S  mSS'Ki'iST'"'  rty  4=tl-  consideration  hal  been  giien 

SdeTS'Ste^^iS:™^?  f“  “*  <1““'  *» 

Based  on  available  tire  data  and  tire  manufacturers1 

fche  best  tires  that  are  available  today  for 
electric  vehicles  are  steel  belted  radials.  Low  rolling 

redicednioadI  with^he  by  “Sing  0ve*si?ed  tires  and  operating  at 
The  tires  on  the  ™aX11™?  Permissible  inflation  pressure. 

SJ n the  electric  vehicles  that  were  tested  for  this 
assessment  are  listed  in  table  4-2.  Most  of  the  tires  were  of  the 

TABLE  4-2.  - TIRES  USED  ON  TEST  VEHICLES 


Vehicle 


Manufacturer  and  size 


Gross  vehicle 
weight 


Pressure 


AM  General  DJ-5E  Elec truck 
Battronic  Minivan 
CDA  Town  Car 


Daihatsu  EH-S4Q 
EPC  Hummingbird 
EVA  Contactor 

EVA  Metro  sedan 

EVA  Pacer 
Fiat  850  T van 
Jet  Industries  Electra  Van 
Mod  I 

Mod  II 

Lucas  limousine 
Marathon  model  C-300 
Otis  p-500  utility  van 
Power-Train  van 
Ripp-Eleotric 
Sebring-Vanguard  citicar 
Sebring-Vanguard  CitiVan 
Volkswagen  Transporter 
Waterman  DAP 
Waterman  Renault  5 
Zagato  Blear 


CR78-13  (radial) 

Firestone  6.70-15  (bias) 

Fronts  Michelin  145SR13  1 
(radial)  I 

Rear:  Firestone  BR78-13 

(radial)  J 

5.00-10  (bias  ply) 

Goodrich  185SR14  (radial) 
Miohelin  155R13  (radial) 

Michelin  155R13  (radial) 

Goodyear  DR78-14  (radial) 
Firestone  5.60-12  (radial) 


Bridgestone  5.00-10  (bias 
ply»  4-ply  rating) 

Pirelli  155SR12  (radial) 
205R14  (steel  radial) 
Michelin  145SR13ZX  (radial) 
Uniroyal  175SR13  (radial) 
Uniroyal  175SR13  (radial) 
165SRI3  (radial) 

Goodyear  4.80-12  (radial) 
Goodyear  4.80-12  (radial) 
185R14  (radial) 

Michelin  1?5SR14ZX  (radial) 
Michelin  145SR13ZX  (radial 
Michelin  145SR10ZX  (radial) 


kPa  j psi  | kPa  pai 


248  36  221 

310  45  I 310 

330  48 


1701 

{1701  1 3750 
1741 
2091 
1950 

1428  3150 

1474  3250 

3500  7700 

1633 
1905 
2286 
1504 
794 
884 
3075 


1 


42  310 

40  290 

40  29i 

65  517 

24  275 

32  220 

32  220 

30  280 

50  340 

32  220 

45  366 

28  193 

36  248 

32  220 
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radial  design,  were  substantially  derated,  and  were  operated  at 
high  pressures.  Firestone  data  (table  4-1)  show  that  rolling 
resistance  coefficients  as  low  as  0.0068  are  possible  with  today's 
tires  by  derating  the  tire  and  operating  at  high  pressure.  This 
solution,  however,  decreases  the  quality  of  the  ride  and  increases 
vehicle  weight  and  cost.  A new  tire  specifically  developed  for 
electric  vehicles  could  provide  low  rolling  resistance  without 
many  of  these  disadvantages. 

4.2  DIFFERENTIALS 

Automotive  differentials  are  needed  to  keep  both  drive  wheels 
loaded  evenly  when  they  rotate  at  different  speeds  as  in  turning  a 
corner.  All  the  currently  available  electric  vehicles  use 
conventional  differentials  designed  for  other  applications. 

Because  in  those  applications  the  efficiency  of  the  differential 
was  not  a major  design  consideration,  very  little  pertinent  test 
data  exist. 

Figure  4-7  shows  the  cross  section  of  a typical  automotive 
differential.  There  is  no  relative  motion  or  gear  loss  associated 
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■ - imktw  YU  m W*** 


^5fl^ars  5 1 and  ? except  when  cornering.  The  major  energy 

?Sua^e  d?e  to  the  inPut  ^ears  2 and  3,  and  seals,  bearinal 
iUbriCa?tS‘  S?me  vehicle  builders  have  attempted  to  reduce 
lubri^n^r^SSe^  y-Chan|ing  lighter  lubricants.  Because 

are  greatest  a fu?ctlon  of  temperature,  lubricant  losses 

are  greatest  at  low  temperatures.  Other  builders  have  atfcpmnfpfl 

or  chains6  replaci2g  .hypoid  gears  with  bevel  gears 

Hypoid  gears  are  used  m differentials  to  permit  the 

nnmnaif  drJve  shaft  to  be  lowered,  thus  increasing  thevehicle 
compartment  room.  The  higher  sliding  losses  in  hypoid  gears 

compared  with  bevel  gears  could  increase  differential  losses  2 to 

n°  teS\data  are  Present!yeava?lab?eto  t0 

efficiency  or  lifl?i9n  varlatlon  Wlth  resPact  to  differential 

The  efficiency  of  a standard  hypoid  gear  differential  nr 
nerol nftS  «aXlmui?  £°wer  capability  is  estimated  to  be  about  95 
S2me  °f  the  los?es  are  independent  of  load.  The 
efficiency  decreases  and  is  zero  at  no  load.  Electric  vehicles  do 

enginrvfhiclesthei?aSoth°fd  leV6iS  a?-do  the  internal  combustion 
engine  vehicles.  If  both  types  of  vehicles  have  the  same  tire 

size  and  aerodynamic  drag,  the  inherently  heavier  (because  of  the 

weight  of  batteries)  electric  vehicle  has  a higher torgue 

resisting  3pi  an£  ?lven  speed  because  of  its  increased  rolling 
resistance.  Electric  vehicles  have  a much  lower  maximum  soeed9 

■ Consequently,  the  differential  desigf^eeds  to  be 
of  an  elect? ic  vfhicle?r  t0rqUe'  l0Wer  P°Wer  °perating  conditions 

eithefriSillf  lLi?Pn!5i?ie,^he/^fere?tial  and  motor  are  ^ally 
the  vehiP?A;Lf=fo  t ?uthI  drive  axle  or  rigidly  fastened  to 
is  a : In  ^he  former  case,  the  differential  housing 

is  a structural  member  and  must  be  capable  of  supporting  its  9 

proportionate  share  of  the  vehicle's  weight,  including  the 

a™fahiThe  m0t0^  the  d Afferent ial,  a?d  the  ?xles  LmS?se  an 
fSTeciable  p?Fcenfca?e  of  the  vehicle's  unsprung  weight.  In  the 

vehlc;ies  unsprung  weight  is  reduced  by  fastening 
the  differential  to  the  chassis.  The  output  shafts  are  then 
connected  to  the  wheels  through  flexible  couplings.  This  system 
requires  more  seals  and  bearings  with  their  associated  losses! 
me.c?axies  contam  differentials  and  gear  boxes  specifically 

awliUbirto^lp5?3^1  sp?°if1  PurP°se  vehicles,  and  these  are 
applicable  to  electric  vehicles  (fig.  4-8). 

Reliable  predictions  of  increased  range  through  differential 
improvements  cannot  be  projected,  if  an  existing  automoO ivf 
differential  is  95  percent  efficient  at  37  kilowatts  (50  hp) , it 

? ^attB  (2  1/2  hp>’  If  the  lossescould 
vehicle ange ^5  ^lO^ewe^"  U 1/4  hP)  SaVSd  C°Uld  eXtend  the 
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Figure  4-8.  - Specifications  for  typical  small  vehicle  axles. 

4.3  TRANSMISSIONS 

Table  4-3  lists  the  transmissions  in  the  vehicles  that  were 
tested  for  this  assessment.  Table  4-4  gives  the  numbers  of  each 
transmission  type  used  in  the  electric  vehicles  as  determined  from 
the  literature  survey.  There  is  a tendency  to  use  multispeed 
transmissions  for  the  conversion  cars  and  the  vans.  Buses  and 
cars  built  from  all  new  designs  for  the  most  part  use  fixed  gear 
reduction  transmissions. 

All  of  the  vehicles  need  some  form  of  speed  reduction  between 
the  motor  and  the  wheel  drive  axle  because  of  the  differences 
between  normal  motor  speeds  and  normal  wheel  speeds.  Where  the 
speed  reduction  can  be  accomplished  by  the  differential  alone,  the 
motor  and  differential  are  directly  coupled.  Where  additional 
speed  reduction  is  required,  external  speed  reducers  with  gears, 
belts,  and  chains  are  used.  In  conversion  cars  the  simplest  way 
of  matching  the  motor  to  the  drive  axle  is  through  the  existing 
transmission.  However,  the  existing  transmission  generally  is  not 
well  matched  to  the  electric  vehicle  because  electric  motor 
maximum  speeds  are  lower  than  those  of  conventional  engines,  and 
motor  torques  are  highest  at  low  motor  speeds. 

A multispeed  transmission  is  valuable  in  an  electric  vehicle 
to  maximize  motor  efficiency  over  the  vehicle  driving  cycle  and  to 
provide  better  acceleration  and  gradeabil ity . Varying  the  DC 
motor  speed  and  torque  characteristics  by  using  oniy  voltage 
control  would  not  allow  the  motor  to  operate  efficiently  or  permit 
maximum  power  output  while  driving.  The  torque,  speed,  and  power 
requirements  at  the  input  to  the  differential  when  the  vehicle  is 
accelerating  at  a constant  rate  from  rest  to  a cruise  speed  of  64 
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TABLE  4-3.  - TRANSMISSIONS  USED. IN  SPECIFIC  TEST  VEHICLES 


Vehicle 

Transmission 

AM  General  DJ-5E  Electruck 

Battronic  Minivan 

CDA  Torn  Car 

Daihatsu 

EPC  Hummingbird 

EVA  Metro  Contactor 

EVA  Metro  sedan 

EVA  Pacer 

Fiat  850  T van 

Jet  Industries  Electra  Van 

Lucas  limousine 

Marathon  model  c-300 

Otis  P-500  utility  van 

Power-Train  van 

Ripp-Electric 

Sebring- Vanguard  CitiCar 

Sebring-Vanguard  CitiVan 

Volkswagen  Transporter 

Waterman  DAF 

Waterman  Renault  5 

Zagato  Elcar  | 

One  speed?  direct  coupled 

Two-speed  gearbox 

One  speed?  chain  drive 

Four  speed?  manual 

Four  speed?  manual 

Automatic  with  torque  converter 

Automatic  with  torque  converter 

Four  speed?  manual 

One  speed?  direct  coupled 

Four  speed?  manual 

Two  stage?  Morse  HyVo  chain  drive 

Four  speed?  manual 

One  speed?  direct  coupled 

One  speed?  direct  coupled 

Four  speed;  manual 

One  speed?  direct  coupled 

One  speed?  direct  coupled 

One  speed?  direct  coupled 

Variable-speed  belt  driven 

Four  speed?  manual 

One  speed?  direct  coupled 

TABLE  4-4.  - TRANSMISSIONS  USED  IN  LITERATURE  SURVEY 
VEHICLES  BY  CATEGORY 


Transmission 

Automo- 

biles 

Vans 

Buses 

Fixed  reduction  or  direct  coupled 

22 

23 

13 

Two  speed 

8 

3 

Three  speed 

5 

2 

Ul | 

Four  speed 

19 

5 

__ 

Continuously  variable 

3 

1 

Not  reported 

7 

6 

1 
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Figure  4-9.  - General  shape  of  speed,  torque,  and  horsepower  as 
function  of  time  for  typical  driving  cycle. 


kilometers  per  hour  (45  mph)  are  shown  in  figure  4-9.  It  is 
apparent  that  the  motor  power  requirements  are  increasing  with 
vehicle  speed  until  cruising  speed  is  reached.  A representative 
efficiency  map  of  a typical  series  wound .DC  motor,  the  type  of 
motor  used  on  nearly  all  current  electric  vehicles,  is  shown  in 
figure  4-10.  This  map  shows  that  the  efficiency  of  a DC  motor 
improves  at  higher  power  levels  and  drops  rapidly  at  low  motor 
speeds.  Super impgsed  on  this  plot  is  an  operating  line  for 
maximum  motor  efficiency.  At  any  given  value  of  required 
horsepower  there  is  an  optimum  motor  speed  to  produce  maximum 
motor  efficiency.  In  a direct  coupled  electric  vehicle  the  motor 
speed  is  directly  proportional  to  vehicle  speed  and  the  motor 
efficiency  will  be  less  than  optimum.  The  sensitivity  or  slope  of 
these  motor  efficiency/speed  curves  determines  the  effectiveness 
of  a multispeed  transmission.  In  the  case  of  the  DC  motor  map 
shown,  the  motor  efficiency  is  relatively  insensitive  to  speed  at 
motor  speeds  above  about  2000  rpm,  which  suggests  that  perhaps  a 
two-  or  three-speed  transmission  would  be  adequate.  Ideally,  a 
continuously  variable  transmission  (CVT)  that  can  regulate  motor 
speed  in  a continuous  manner  would  be  the  best  choice  if  the  cost, 
weight,  size,  and  reliability  were  acceptable. 
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FI(r ft)0,  " Typical  effic[ency  maP for  series  wound  DC-mofor 


ipjn 

R(ref.e  20)1 " TyPiCal  perfbrmance  characteristics  for  series  wound  DC-motor 


The  performance  characteristics  of  a typical  DC  motor  are 
shown  m figure  4-11.  The  horsepower  produced  (and  torque  to  a 
greater  extent)  increases  to  some  limiting  value  of  battery 
current  with  a decrease  in  motor  speed.  From  a vehicle 
performance  standpoint  it  is  desirable  to  upshift  tne  multispeed 
transmission  when  the  vehicle  is  gaining  speed  in  order  to 
suppress  motor  speed  and  thereby  produce  maximum  power. 

wanfSi3  gradeabil ity  standpoint,  the  torque  produced  from  a 
practically  sized  DC  motor  would  be  insufficient  for  the  vehicle 
to  climb  a steep  grade  without  the  benefit  of  transmission 
down-shifting.  Down-shifting,  that  is,  increasing  the 

redu^t,1?n  ratio,  causes  a direct  multiplication  of 
the  motor  torque  delivered  to  the  drive  wheels.  Thus,  the 
transmission  equipped  electric  vehicle  would  be  able  to  ascend 
steep  grades  but  at  reduced  speeds. 

A common  transmission  found  in  electric  vehicles  is  the 
manual-shift  gear  transmission.  They  are  relatively  efficient 
(peak  efficiencies  between  94  and  98  percent  depending  on  gear 

d^r?ble'.and  inexpensive.  Their  main  drawback  is 
that  they  require  driver-initiated  shifting.  The  automatic 
transmissions  used  in  many  electric  vehicles  basically  are 
multispeed  gear  transmissions  in  series  with  a torque  converter. 
The  automatic  shift  points  are  determined  on  the  basis  of  engine 
characteristics  and  vary  with  the  desired  vehicle  acceleration. 

The  main  disadvantages  of  automatic  transmissions  for  automobiles 
are  their  lower  efficiencies  (80  to  90  percent)  compared  to  manual 
transmissions  and  their  slightly  greater  weight,  size,  and  cost. 

va?fabl<:  transmissions  (CVT's)  are  promising  for 
electric  vehicle  application.  A hydromechanical  CVT  has  beeny 
developed  by  Orshansky  Transmission  Corp.  under  a current  ERDA 
program,  it  has  demonstrated,  on  a chassis  dynamometer,  a 23 
percent  increase  in  composite  driving  cycle  fuel  economy  as 

C^entional  three"sPeed  automatic  transmission  as 
installed  m the  AMC  Hornet  automobile  powered  by  a 6-cvlinder 

*ref!  Although  it  is  unlikely  that  CVT's  will  provide 

efficiency  improvements  in  electric  vehicles  as  substantial  as 
those  demonstrated  for  heat  engine  vehicles,  some  range  and 
acceleration  gains  should  be  realized. 

~ **e£e.are  basically  three  types  of  CVT's  which  show  promise 
for  electric  vehicle  application.  Variable  speed  belt  drives  as 
used  in  the  Waterman  DAF  electric  vehicle  are  relatively  simple 
and  inexpensive.  Variable  speed  belt  drives  have  relatively  low 
ransmission  efficiency  (generally  less  than  90  percent  at  full 
llI?lfced  P°wer  capacity  (generally  less  than  18  kW 
npj).  Maintenance  considerations  require  special  attention. 
Another  candidate  transmission  is  a hydromechanical  CVT  which 
utilizes  a hydrostatic  drive  (a  hydraulic  pump  coupled  to  a 
hydraulic  motor)  parallel  to  a mechanical  planetary  gear  unit. 
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xv,iK*f  “*  >■- 

j^L^sa-issi;*1  di  ‘ “““‘-Paasa a ^ “* 

prototype  hydromechanical  tranqm?cY-Tran3mlsslon  ComPany  has 
and  Nova  coLentlonaHu^^  in  b°th  Hornet 

are  compact  and  have  good  high  nowerH^n?=eChat11^  •transmissions 
require  development  for  cont?olI  but  they 

hydraulic  noise  reduction.  1 2 ' mechamcal  efficiency,  and 

vehicles?t fraction  transm?fe-an0ther  candidate  for  electric 

the  repositioning  of  roller  element^such^hat  fh®ed  a-io  throu9h 
meshing  rollers  are  varied  h tbai.the  radli  of  the 

low  power  capacity.  At present eit  Primary  limitations  have  been 
industrial  traction  flrLf,!!-?''  several  adgustable-speed 
of  these  units  handle  leL  than  fq®,,' ??mmefcially  available.  Most 
in  a reasonably  s“ed  package  L ™?™15  I25  horsepower)  when 

recently  been  examined  for  lutomotive  service  pn"  drivfs  that  have 
have  been  of  a toroidal  configuration  f™-ce  ?n  a Prot°type  basis 
Inc.,  and  General  Motors  Coro9  in^he'r^^f  Ined  by  ExceUermatic, 
Traction-drive  CVT's  mav  the  United  States. 

efficient  electric  vehicle  drive^rainsr01"136  f° r Praotioa1' 

any  of  the  _ transmissions^  use  toda^to3  in  ^®  lif:erature  for 
for  electric  vehicle  apolicat inna  d ° Permit  their  assessment 

siz?d  nort  powerful  vehic?^  ♦f*???1*?3 4 5*?!?  s were 
current  transmissions  used  in  Ilectrio  lfc  13  likely  that  tha 

at  peak  efficiency  and  are  heavier Vehlcles  ar®  not  operating 
a transmission  designed  for  a sDe^ific  aecfs?ary.  Consequently, 
improve  its  ranoe  specific  electric  vehicle  should 

Improvement  "tTftefs'gll  |lr|.h„%!0l:0”tIal  £“ 

4.4  TRACTION  MOTORS 


Many  different 
proposed  for  use  in 
types 5 


types  and  sizes  of 
electric  vehicles. 


traction  motors  have  been 
They  include  the  following 


(1)  Direct-current  series 

(2)  Direct-current  shunt 

(3)  Direct-current  compound 

(4)  Alternating-current  induction 

(5)  Alternating-current  synchronous 
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TABLE  4-5.  - TRACTION  MOTORS  USED  IN  TEST  VEHICLES 


Vehicle 

Manufacturer 

Type  (DC) 

Rating,  . 
kW 

AM  General  DJ-5E  Electruck 

Gould,  Inc. 

Compound 

14.9 

Battronic  Minivan 

General  Electric  Co. 

Series 

31 

CDA  Town  Car 

Eaton  Corp.  (modified) 

Shunt 

— 

Daihatsu 

Tokyo  Shibaura  Electric 
Go . , Ltd . 

Shunt 

14 

EPC  Hummingbird 

Modified  aircraft  generator 

Series 

7.5 

EVA  Contactor 

Not  available 

Shunt 

7.5 

EVA  Metro  sedan 

Not  available 

Series 

10 

EVA  Pacer 

Baker  Material  Handling  Co. 

Series 

14.9 

Fiat  850  T van 

Fiat 

Shunt 

14 

Jet  Industries  Electra  Van 

Baldor  Electric  Co. 

Series 

7.5 

Lucas  limousine 

Lucas  Industries,  Ltd. 

37 

Marathon  model  C-300 

. Baldor  Electric  Co. 

6 

Otis  P-500  utility  van 

Otis  Elevator  Co. 

22.4 

Power-Train  van 

Otis  Elevator  Co. 

22.4 

Ripp-Electric 

Otis  Elevator  Co. 

14.9 

Sebring-Vanguard  CitiCar 

General  Electric  Co. 

4.5 

Sebring-Vanguard  CitiVan 

General  Electric  Co. 

4.5 

Volkswagen  Transporter 

Siemens  AG 

Shunt 

17 

Waterman  DAF 

Prestolite  Electrical 
Division,  Eltra  Corp. 

Series 

6.7 

Waterman  Renault  5 

Prestolite  Electrical 
Division,  Eltra  Corp. 

Series 

6.7 

Zagato  Elcar 

Scaglia 

Series 

2 

The  motors  used  on  the  electric  vehicles  that  were  tested  for 
this  assessment  are  listed  in  table  4-5.  All  are  DC  types,  15  of 
the  20  are  series  motors,  4 are  shunt  motors,  and  1 is  a compound 
motor.  Also,  50  of  the  83  motors  reported  in  the  literature 
survey  of  electric  vehicles  are  series  motors  (table  4-6).  There 
are  21  vehicles  where  the  motor  types  are  not  specified.  The 
unavailability  of- suitable  controllers  has  restricted  the  use  of 
AC  motors  to  experimental  vehicles  such  as  the  General  Motors 
Electrovair  and  the  Linear  Alpha  Corp.  van.  Figure  4-12  shows  a 
15-kilowatt  (20-hp)  DC  series  motor  on  a dynamometer  test  stand. 


TABLE  4-6.  - ELECTRIC  VEHICLE  MOTOR 


CLASSIFICATION  FROM  LITERATURE 


Direct-current  series  motors  are  the  most  popular  because 
tneir  speed-torque  characteristics  most  nearly  match  the  electric 
vehicle  needs.  Under  heavy  loads,  the  torque  per  ampere  ratio  of 
the  series  motor  is  higher  than  that  of  any  other  type.  This 
feature  reduces  battery  drain  during  acceleration  or  while 
negotiating  grades.  The  series  motor  also  offers  excellent 
commutation  and  transient  response.  Their  past  extensive  usage 
for  traction  applications  also  makes  them  readily  available  to 
experimenters.  When  other  motor  types  are  chosen,  the 
motor-controller-transmission  combination  attempts  to  emulate  the 
series  motor  characteristics. 

Efforts  to  reduce  the  pulse  discharging  of  the  battery  and  to 
incorporate  regenerative  braking  into  electric  vehicles  have 
resulted  in  a trend  toward  using  shunt  motors.  The  basic 
difference  between  a series  and  a shunt  motor  is  the  method  of 
establishing  the  direct  axis  flux.  The  series  motor  field 
consists  of  a few  turns  of  large  cross  section  conductors  which 
are  connected  in  series  with  the  armature.  The  shunt  motor  field 
consists  of  many  turns  of  smaller  wire  which  are  connected  to  a 
separate  field  controller. 

Both  the  series  and  shunt  motors  require  some  form  of 
armature  voltage  control  up  to  their  base  speeds.  Base  speed  for 
the  series  motor  corresponds  to  some  fractional  part,  such  as  one 
half,  of  the  maximum  vehicle  speed.  For  speeds  above  base  speed, 
some  form  of  field  weakening  is  used.  Field  weakening  a series 
field  is  cumbersome  because  of  the  high  currents  that  must  be 
handled.  Because  the  shunt  field  current  is  only  a few  percent  of 
the  armature  current,  it  is  much  easier  to  control.  Consequently, 
for  a shunt  motor  system  operating  above  base  speed,  the  battery 
current  is  ripple  free. 

To  obtain  regenerative  braking  in  a series  motor  system,  the 
connections  to  the  series  field  must  be  reversed.  For  a shunt 
motor  operating  above  base  speed,  regenerative  braking  is 
accomplished  by  increasing  the  shunt  field  current.  There  are  no 
commercial  shunt  motor  controllers  for  electric  vehicles  available 
today.  Every  vehicle  that  uses  a snunt  or  compound  motor  has  a 
controller  that  was  designed  by  or  for  the  vehicle  builder.  A 
compound  motor,  of  course,  has  both  series  and  shunt  fields  and 
attempts  to  combine  the  most  desirable  features  of  both.  There 
are  no  data  which  show  any  system  to  be  superior  to  the  other. 

The  losses  in  the  motors  consist  of  resistive  losses, 
magnetic  losses,  and  mechanical  losses.  Several  series  motor 
efficiency  curves  are  shown  in  figure  4-13.  These  curves  were 
calculated  from  manufacturers’  data.  The  efficiency  curves  start 
at  zero,  rise  and  reach  a peak  when  the  resistive  losses  are  about 
equal  to  the  mechanical  and  magnetic  losses,  and  then  decline. 

All  of  the  motors  in  present  use  operate  in  the  region  where  the 
resistive  losses  predominate.  As  shown  in  figure  4-13,  series 
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Figure  4-13.  - Effect  of  voltage  variations  on  series  motor  efficiency. 


increases  as  voltage  increases.  For  instance 

efficiency1!!  °P?rfJinI  at  Partial  voltage  and  speed  its 

the  npa if  Lfi„i  SS  tb?n  at  the  full  voltage  and  speed.  Note  that 
parcel  efflclency  of  °«a  of  the  motors  at  full  voltage  is  95 

2 to  3rHwfaUnS  °f  tl?e  electri=  vehicles  tested  varied  from 

the  SSSi  w!ren9S 

the  theaal  reP°£ted.  Some  of  the  factors  which  determine 

wi!lingSSa^ti0n'  P^^^ibir^mpe^^ure^/tl!  °f 

winding,  and  a specified  duty  cycle.  ^ ui.e  ui.  cue 

limitedeo!?!!dfo?dt!m»y  CYCie  may  be  either  continuous  or  for  a 

claL^sul^-  ma3f i®|umUper m it t ed°t emper at ur e°depend s ^ r^t  h e 6 ° fc 

« A* 

HpL!<2K 

SSS*S  f°SS3:h  ,h”“  may  provlde4additionalf 

inh!h?L5  locate  the  motor  where  natural  airflow  is  either 
marginaldv!lu!U9m^  ®a’  Consequently , the  motor  ratings  are  of 

«;  £"  r*ting  '»  vehicle 
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In  addition  to  the  thermal  rating,  motors  also  have  voltaae 

flashSve/Hmi^^h  t0r?l?e  ratings'  For  DC  motors,  commutator  ' 
, f •(  th?  voltage,  conductor  heating  limits  the 

couplincs' ^limi^f?hn1t-fOr0e  lxmits  the  speed,  and  shear  pins  and 
couplings  limit  the  torque.  Because  resistive  losses  tend  to 

predominate  m electric  vehicle  motors,  the  current  ratine  is  of 

in^hn^lmp?rtanc?;.  High  currents  also  cause  commut^ion9prob?ems 
in  shunt  motors  with  weak  fields.  Because  overspeed  quickly 

le  l o?s  a motor,  loss  of  load  for  a series  motor  or  loss  of  field 

rated *"  figUre  4-13  maximum  motor  efficiencies  at 
efficient  i 96  £r0ra  70  t0  95  Percent'  at  lower  voltages  the 
1S  1fss*  0ne  key  to  greater  electric  vehicle  range  is 
volk^wanen6  syat?m  voltage.  This  has  been  done  in  the  Lucas9and 
Volkswagen  vehicles.  Alternatives  are  to  use  the  most  efficient 

contro?n<3f-  ragai:dless  of  cost  or  to  employ  more  sophisticated 
£5ategles-  In  the  latter  case  the  objective  is  to 
cycle!  thS  average  motor  voltage  over  the  prescribed  driving 

4 . 5 CONTROLLERS 

the  tr»et?^tr°^ler-C0ntr0ls  the  flow  of  P°«er  from  the  battery  to 

oplrato!  ?fmr  ln  a<Tcordanc®  with  the  directives  of  the 
operator,  if  regenerative  braking  is  used,  the  controller  mn^ 

also  control  the  energy  flow  in  the  revers4  dY?ec??on 

The  electric  vehicle  controller  should  provide 

(1)  Smooth  operation  at  and  near  zero  speed  for  qood 
maneuverability  and  parking 

(2>  desiredaspeedrati°n  at  thS  operator  selected  rate  to  the 

(3)  Operation  at  any  operator-selected  constant  speed 

(4)  Smooth  deceleration  where  regenerative  braking  is 
employed 

(5)  Efficient,  safe,  and  reliable  operation 

(6,  Overload  protection  for  motors,  motor  reversing,  and 
charging  of  auxiliary  batteries  9' 

For  aADC  mStor^th^nnw  £5*  °Urren^  test  program  use  DC  motors. 
t ® m2tor'  the  flow  of  energy  is  controlled  by  varvinc  the 
voltage  and  current  to  the  motor.  All  the  controllers  on  the 
vehicles  m the  current  test  program  are  either  battery  switching 
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TABLE  4-7.  - CONTROLLERS  USED  IN  TEST  VEHICLES 


Vehicle 

Controller  manufacturer 

Motor  type 

Controller  type 

AH  General  DJ-5E  Ble struck 

Gould,  Inc. 

Compound 

SCR  chopper3 

Battronic  Minivan 

General  Electric  Co. 

Series 

SCR  chopper  with  bypass 

(510r) 

and  field  weakening 

CDA  Town  Car 

Triad  Services,  Inc. 

Shunt 

Battery  switching  with 

resistance  and  field 
weakening 

Daihatsu  EH-S40  Van 

Daihatsu  Motor  Co., 
Ltd. 

Shunt 

Transistor  chopper3 

EPC  Hummingbird 

Electric  Vehicle 

Series 

Transistor  chopper 

Components,  Inc. 

EVA  Contactor 

Electric  Vehicle 
Associates 

Shunt 

Battery  switching  and 
field  control3 

EVA  Metro  sedan 

Cableform,  Inc. 

Series 

SCR  chopper 

EVA  Pacer 

Cableform,  Inc. 

Series 

SCR  chopper3 

Fiat  850  T van 

Fiat 

Shunt 

SCR  chopper  ana  field 

weakening3 

Jet  Industries  Electra  Van 

Cableform,  Inc. 

Series 

SCR  chopper 

Lucas  limousine 

Lucas  Industries,  Ltd. 

SCR  chopper3 

Marathon  model  C-300 

Battery  switching 

Otis  P-500  utility  van 

General  Electric  Co. 

SCR  chopper  with  bypass 

Power-Train  van 

General  Electric  Co. 

SCR  chopper  with  bypaasa 

Ripp-Electric 

Rippel,  W.  E. 

Transistor  chopper3 

Sebring-Vanguard  CitiCar 

Sebring-Vanguard,  Inc. 

Battery  switching  with 

resistance 

Sebring-Vanguard  CitiVan 

Sebring-Vanguard,  Inc. 

Battery  switching  with 

resistance 

Volkswagen  Transporter 

Siemens  AG 

Shunt 

SCR  chopper3 

Waterman  DAF 

C.H.  Waterman  Indus- 
tries 

Series 

Battery  switching 

Waterman  Renault  5 

C.H.  Waterman  Indus- 
tries 

Series 

Battery  switching 

Zagato  Elcar 

Elcar  Corp. 

Series 

Battery  switching  with 

1 

resistance 

with  regenerative  braking. 


or  chopper  types  {tabl-r*  4-7).  A chopper  is  a DC  to  DC  converter 
employing  either  silicon-controlled  rectifiers  (SCR)  or 
*?a?2is1rors:  Vehicles  that  use  shunt  motors  require  an  additional 

field  circuit  controller.  Some  of  the  vehicles  also  use  motor 
armature  starting  resistors  and/or  motor  field  weakening.  Many  of 
the  currently  used  controllers  for  electric  vehicles  have  evolved 
and  been  adapted  from  controllers  for  other  types  of  vehicles  and 
industrial  applications. 

The  earliest  controllers  consisted  of  a string  of  resistors 
connected  in  series  with  the  motor  armature.  Motor  voltage  is 
equal  to  the  battery  voltage  minus  the  voltage  drop  across  the 
resistors  and  can  be  increased  by  shorting  out  a portion  of  the 
resistance.  This  system  is  satisfactory  for  vehicles  which 
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°pefat?,almost  exclusively  at  maxim'  speed  and  only  reouire  the 
controller  to  provide  smooth  accele*  .ion  at  sta?t  up!  distance 
slmPle  an<?  low  cost.  Thi  chief  drawback  is  that 
considerable  energy  is  lost  as  heat  ,n  the  resistors.  Before  the 
develQpmcnt  of  high  power  SCR's,  resistance  control  was  used 
extensively  on  industrial  trucks, 

have  1?r^ely  supplanted  resistance  control  for 
ndustrial  trucks  and  are  widely  a -red  in  electric  vehicles.  These 
controllers  work  by  pulsing  the  motor  on  and  off  at  repetition 
rates  that  vary  up  to  about  1000  pulses  per  second.  The  main 
power  flow  for  all  types  of  choppers  is  shown  in  figure  4-14.  The 


free  wheeling,  or  flyback,  diode  across  the  motor  allows  the  motor 
continue  to  flow  even  when  the  main  SCR  or  transistor 
^ n0t  c?nductln9-  The  ratio  of  motor  voltage  to  battery 
tS  ??ual  ,fco  the  rat*°  of  the  on  time  to  the  total  period. 
Some  controllers  keep  the  repetition  frequency  constant  and  varv 
the  pulse  on  time  and  still  other  controllers  keep  a constant 

Fh£Snii?e  tlme  and  va^y  the  repetition  frequency.  Others  vary  both 
the  pulse  on  time  and  the  period.  Figure  4-15  shows -how  these 
quantities  vary  in  one  commercial  controller.  The  switchinq  unit 
St  may  be  either  a transistor  or  an  SCR.  Figure  4-16  is  a 

controller  °i!  not^osf  ?^e!‘  heat  SinkS  indiCate  that  the 
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Figure  4-15  - Typical  chopper  controller  characteristics. 


Figure  4- 16.  - SCR  chopper  for  electric  vehicles. 
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Figure  4-17.  - Transistor  controller  for  Ripp-Electric  vehicle. 


wiuppczrs  diso  cause  additional  losses  in  motors  and 
batteries.  These  additional  losses  have  not  been  sufficiently 
investigated.  Preliminary  dynamometer  data  on  one  motor  indicate 
efficiency  decreases  of  2 to  5 percent  depending  on  duty  cycle. 
Measuring  current  and  power  in  these  pulse  type  circuits  is 
difficult  because  the  rapid  changes  in  current  cause  inaccuracies 
m conventional  current  measuring  devices  (ref.  3). 

The  control  circuitry  generally  is  considered  to  be 
proprietary  by  the  chopper # manufacturer  and  little  data  are 
availabie.  The  manufacturers  claim  that  each  chopper  is  tailored 
to  the  user  s particular  motor.  The  chopper  usually  includes  a 
current  limit  feature  to  protect  the  chopper.  This  current  limit 
restricts  motor  acceleration.  The  thermal  time  constant  of  a 

S?v*I*al  orders  of  magnitude  greater  than  the  thermal  time 
of  the  chopper.  Consequently,  separate  thermal 
protection  is  required  for  the  controller. 


;S5c  of  typiral  bal!ery  swltchin9  con,rol,er  w,th  -5r,es 

. Q . *n  alts*native  to  chopper  controllers  is  battery  switching 

types!qUp!qUreh4-lfl0^rOUe5S  *r®  the  most  effi=ient  of  all  9 

drop  across  contacts  is^nlv  a^ew1!!!??!1^0^30116!?®'  The  volta9e 
contactor  coils  thp  ftni«  a few  which  makes  the 

controller^osses^negligible^but^t^ow  .Not  on^  are  the 

SS 1 

necessary  to  Sh  IV  , y switching  controllers  it  is  only 
in  case  of  failure  of  the  field  current?  P h armafcure  clrcuifc 
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The  relative  merits  of  shunt  and  series  motor-controller 
systems  have  not  been  adequately  investigated.  Both  the 
Booz-Allen  & Hamilton,  Inc.,  and  the  Rohr  Industries,  Inc.,  task 
III  reports  (refs.  1 and  2}  indicate  that  no  single  system  will  be 
most  efficient  over  different  driving  cycles. 

The  only  domestic  vehicles  in  this  test  program  that  use 
shunt  or  compound  motors  are  the  CDA  town  car,  one  of  EVA's  Metro 
sedans,  and  the  AM  General  DJ-5E  Ele_ truck.  The  controllers  for 
all  these  vehicles  were  developed  by  the  vehicle  manufacturers. 
There  are  no  commercial  shunt  motor  controllers  available  for 
electric  vehicles.  Of  the  foreign  vehicles,  the  Fiat  and 
Volkswagen  use  shunt  motor  systems. 

4.6  BATTERIES 

The  relatively  long  charging  period  and  complex 
infrastructure  required  for  battery  charging  makes  an  electric 
vehicle  energy  limited;  its  range  is  determined  by  the  amount  of 
energy  carried  in  its  battery.  The  state-of-the-art  battery  used 
in  today's  electric  vehicles  is  the  lead-acid  battery.  All  of  the 
electric  vehicles  tested  and  reported  on  in  this  report  were 
powered  by  the  lead-acid  battery  system.  Other  types  of  battery 
systems  have  been  proposed  and  some  have  been  developed  and  tested 
in  electric  vehicles,  but  none  is  commercially  available  at 
present.  Of  the  many  advanced  battery  systems  under  consideration 
for  electric  vehicle  use,  only  six  types  have  been  developed 
sufficiently  for  preliminary  tests  in  vehicles.  They  are  the 
nickel-zinc,  nickel- iron,  zinc-air,  iron-air,  zinc  - chlorine 
hydrate,  and  sodium-sulfur  battery  systems.  Because  this  report 
deals  with  the  state-of-the-art  for  vehicles,  the  discussion  of 
batteries  is  limited  to  those  which  have  actually  been  installed 
and  operated  in  vehicles. 

» 

A more  detailed  discussion  of  the  current  state  of  battery 
technology  for  electric  and  hybrid  vehicles  is  given  in  appendix  C 
with  appropriate  references.  A brief  summary  of  appendix  C is 
presented  in  this  section. 

The  energy  source  (battery)  for  an  electric  vehicle  must  be 
able  to  store  large  amounts  of  energy  and  deliver  the  necessary 
power,  must  be  able  to  be  discharged  frequently  to  deep  depths 
without  serious  loss  in  operating  life,  must  be  easily  recharged, 
and  must  be  inexpensive.  Achieving  all  these  characteristics  in 
one  type  of  battery  is  difficult,  and  compromises  are  often  made. 
The  extent  of  the  compromising  is  determined  by  the  intended  use 
of  the  battery. 
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■ 4 ♦ 6 • X Bead-Ac  id  Battery 
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TABLE  4-0.  - CHARACTERISTICS  OP  LEAD-ACID  BATTERIES 


Battery 

Specific  energy 
at  2-hr  rate 

Cyclo  life , 
number  of 
uoep  cycles 

Initit 

al  cost 

Cost  per  cycle  j 

MJ/Jcg 

Wh/lbm 

$/MJ 

5/kWh 

$/HJ-cycle 

9/J;Wh-cycle 

Starting,  lighting, 
and  ignition 
Golf  car 
Semi-industrial 
Indus trio la 

0.105 

.096 

.000 

.080 

13.3 

12.2 

10.1 

10.1 

19 

14 

59 

43 

H 

■HM 

0.19  - 0.30 

0.04  - 0.07 
0.06  - 0.12 
0.02  - 0.04 

0.68  - 1,36 

0.13  - 0.25 
0.21  - 0.42 
0.08  - 0.15 

At  6-hr  rate. 


-iSt-SS  Sli'U.' !£?5rS£^S£E£  v*hl01"  “hm  iut^ 
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Figure  4-19.  - Typical  golf  car  battery  installation. 


Figure  4-20.  - Typical  semi-industrial  battery  installation. 
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lead-ac!dfcbafctery°vari°f  ISve^v^h"^  removed  from  a 
energy  is  withdrawn.  ' Preventives  at  which  the 

about  40  percent  of  the  energy^t  Vo' ^ttury  wil1  deliver 
it  would  at  a 1-hour  discharae  rL-f  °’^  discharge  rate  that 
vehicle,  traveling  at  high  speeds^ i eIhln  mean?  thafc  an  electric 
high  enough  to  deplete  the  batt^v  r<r9uiring  power  levels 

substantially  s2o?te*  distanoe^  “L20  mf2ufces‘> ' wil1  travel  a 

require  1 hour  to  totalled ischaroe  hhe”^*  afc  ?peed“  which 
performance  alone*  ^ battery  based  on  battery 

« . <6?,“s*  ~u>  •«  «*  •*. 

temperatures  increase  the  =5/Vai*a?le  ener9y-  Low 

electrolyte,  raise  the  internf?Sity<?d  resisfcance  of  the 
and  power  at  a given  current  level3^^"^'  a"h  pduce  the  voltage 
energy  availabll  initially  incrlf^s  sfiahMu  ba^ery  ages'  the 
percent  into  its  life,  the  enerow  ^L^2?htly,"  At  about  10  to  20 
decreasing.  The  cycle  life  ai en^ic6!?? lty  peaks  and  then  starts 
depth  to  which  the  batterv  if strongly  dependent  on  the 
significantly  reduce  thI  f<Ff  d£ scharged.  Deep  discharges 
energy  removL'from  the  ba  tery  durinol^  tbe  t0bal 

application?  C°St  efEeotlve  level  for  electric  vehicle 

by  ««««« 

Overcharging  redunpe  iifa  1 cnarging  „and  niainten ance. 

is  economically  undesirable  Undercharaf  enerfy'  and'  therefore, 
available  and  may cause  damlap  ?£haugi!!g  reduces  the  energy 
exterior  of  Ltteries  Ind  ?hl  ree,n=-  £att?ry-  Cleaning  the 
with  water  are  routine  mainfpnanL^r  topping  off  of  electrolyte 
reasonable  liL  Ld  pLformance?  procedures  necessary  for 

as  the *t emper a t ur e^ar ie s S Sharer infac? ^*es  'hange  as  tney  age  and 
readjusted  for  maximum  effectives Charter T*-6®  constantly 

»»■“««“!»  s;rsr.%!s?;.Kcfs,itoi 

4.6.2  Other  Electric  Vehicle  Batteries 

electric  for 

Numerous  candidates  have  been  proposed  which  he,past  10  years- 

S^iS^gSTSSSeS^  OVTtha  leed-ac id^at tery . To 
construction  and  operation  o^a  fuT?n£^d  jj°  the  where 

could  be  attempted?  Shwa  are  the  nT^2?d  battery  in  a vehicle 
zinc-air,  iron-air  rinc  a£?„tbe  nickel-zinc,  nickel-iron. 

The  earliest  tests  in  ,?eh,-e?hl  ^ ,h^drate'  and  sodium-sulfur. 

Place  in  fm.  vehlcles  involving  these  new  batteries  took 
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4. 6. 2.1  Nickel-zinc  battery.  - At  the  present  time,  the 
nickel-zinc  battery  is  a strong  candidate  for  future  replacement 
of  the  lead-acid  battery  system.  The  nickel-zinc  battery 
theoretically  has  twice  the  specific  energy  of  the  lead-acid 
battery.  As  a result,  at  least  twice  the  range  can  be  expected  in 
an  electric  vehicle  powered  by  nickel-zinc  batteries.  Substantial 
development  efforts  are  underway  in  the  United  States  and  in 
various  parts  of  the  world  to  develop  a practical,  low-cost 
nickel-zinc  vehicle  battery  (ref.  5). 

The  cycle  life  of  this  system,  however,  needs  further 
improvement.  Cycle  lives  of  large  cells  are  now  limited  to  less 
than  300  cycles.  The  potential  for  lifetimes  in  excess  of  1000 
cycles  exists,  based  on  the  results  of  laboratory  tests  performed 
on  small  (10  Ah)  cells. 

4. 6. 2. 2 Nickel-iron  battery.  - The  nickel- iron  battery, 
originally  called  the  Edison  cell,  has  undergone  significant 
improvement  in  recent  years  (refs.  6 and  7).  The  system  has  a 
cycle  life  greater  than  that  of  the  nickel-zinc  system,  and  it  has 
a theoretical  specific  energy  comparable  to  that  of  the 
nickel-zinc  battery. 

Charging  problems  are  still  a major  drawback  with  the 
nickel-iron  battery.  Because  of  the  low  overvoltage  of  hydrogen 
on  the  iron  electrode,  charging  is  accompanied  by  heavy  hydrogen 
evolution  and  the  system  is  not  as  energy  efficient  as  nickel-zinc 
or  lead-acid  batteries.  Typically,  a nickel-iron  battery  has  a 
charge/discharge  efficiency  of  50  to  60  percent  as  compared  with 
75  percent  for  a lead-acid  battery.  In  addition,  the  evolution  of 
hydrogen  is  accompanied  by  heat  generation,  which  depletes. the 
water  from  the  electrolyte.  As  a result,  the  charging  system  must 
have  electrolyte  coolant  loops,  heat  exchangers,  and  hydrogen 
separating  and  venting  devices.  Nonetheless,  the  prospect  of 
substantial  increases  in  battery  life  and  specific  energy  over 
lead-acid  batteries  has  fostered  the  development  of  the  total 
nickel-iron  system  to  a point  where  the  system  can  be  employed  in 
specialty  areas.  Battery  systems  for  electric  vehicles  (vans  and 
cars)  have  also  been  developed  but  only  on  a small  demonstration 
basis • 


4. 6. 2. 3 Metal-air  batteries.  - The  metal-air  batteries, 
specifically  iron-air  and  zinc-air,  also  are  of  interest  as  a 
second-  or  third-generation  battery  system  for  electric  vehicles. 
Extensive  foreign  research  has  resulted  in  substantially  greater 
specific  energies  than  for  the  existing  lead-acid  battery  systems. 
Cycle  life  is  reported  to  be  approaching  300  cycles. 

The  metal-air  systems  are  limited  in  specific  (peak)  power 
output  but  have  reasonably  high  specific  energies.  They  are 
finding  use  in  electrochemical-hybrid  batteries  for  vehicles. 
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Tn?s?  s?sfc?Ifis  consist  of  a high  specific  energy  battery,  such  as  a 
battery,  which  may  lack  a high,  power  capability, 
nnwo^cted  lu  paralJel  with  a second  battery  designed  for^high  peak 

toe"enerav"  b The  ^ergy^xtractablff^of 

1 mucb  larger  than  that  available  from  the 
power  battery#  In  Operation,  the  ''energy1*  battery  (i  e 7in«. 

**ovides  Energy  for  cruising  When  a peak'p^er 
n^«tneme2h  occurs,  such  as  for  acceleration  from  a stopPor 
fnfl  4?I'*the'*  e"ergy  battery  is  unable  to  deliver  the  peak  demand 

trfn.fL.0^1"?1  l°ltage  fails*  This  event  automatically 

toe  rflativefv  "ST*"  battery  floating  on  the  line. 

£hf«r^uXVel?  5ma11  P°wer  battery  meets  the  peak  demand  and  is 

A«??*^iarged  fr°m • the  "energy"  battery  as  its  own  limbed 
extractable  energy  is  used. 

aio,M-S«!JPliC?te<?  recharging  procedures  and  the  high  cost  of  air 

zinc-air  and ?5°b^em  area?  being  investigated.  Both 

batteries  in  hvhrT^  Ln? -1?®  corablned  wifch  hi9h  power  lead-acid 
Japan!  hybrid  configurations  have  been  tested  in  vehicles  in 

liS-2.4 Zinc  - chlorine  hydrate  battery.  - Electrochemical 

couples  involving  chlorine  theoretically  are  attractive  hiqh 

h2STthS?»M"teBB; , -The  z*nc-chlor ine  electrochemical  couple 

ba?ter!=!  !!  LSpeC1!1C  energy  five  times  that  of  lead-acidP 
?a„ba“es‘  offers  the  potential  of  substantial  ranqe 

isPa  neednto  i*?ri®leotr:lo4.Yeh1icles  over  lead-acid  batteries.  There 
in  a. Practical,  safe  method  for  storing  chlorine. 

Stor inq Zchlor ine^a^ XA8«nT<’ battery r the  problem  is  solved  by 
btocxng .cniorxne  as  a solid  hydrate  at  8°  C.  The  svstpm  ac 

airc^eatiofnrnuUrDSinf??,eleCtrl°  Vehicle'  eSolyte 

it^is  a 3 refrigeration  unit;  in  essence, 

the  processing  plant.  Despite  this  complication, 

lead-acid  katfo?  Projected  specif ic  energy  six  times  that  of  the 

attracted  a Yeblcle  configuration.  Thus,  it  has 

ftoraqe  for  utn?ivblS  lntlTrest  for  vehicles  and  for  bulk  electric 
corage  tor  utility  companies. 

u u J^klished  test  data  with  regard  to  cycle  life  are  1 fm-M-or? 
but  the  system  does  appear  to  have  solveable  problems  (ref^SK 

r-  jj  Sodium-sulfur  battery,  - The  high  temDeratnrp 

holdsmthe1promisetofya?rt3m  1S  °nf  sys<rem  tested  to  date  which 
miles  on  eP!;^f  l allowing  an  electric  vehicle  to  travel  200 

cells  ind charge.  Results  of  laboratory  tests  on  single 
densiti  of  lead  et?ergy  almost  four  times  the  energy9 

'SS.i6!Lto*;,S,SL!'lce  lh*  ” «■« 

fho  *be  pr°per  operation  of  the  sodium-sulfur  cell  requires  that 
reactants  and  reactant  products  be  in  the  molten  state.  The* 
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temperature  during  operation  must  be  above  300°  C with  standby 
temperatures  not  lower  than  230°  C.  Maintaining  these 
temperatures  requires  advanced  insulation  techniques  and  auxiliary 
heaters  for  startup  and  to  maintain  standby  temperatures. 

The  thermal  and  electrochemical  requirements  of  the  system 
dictate  that  the  electrolyte  used  must  be  stable  at. high 
temperatures  and  must  be  able  to  easily  transport  sodium  ions. 

Two  types  of  electrolyte  which  meet  these  requirements  are 
presently  under  extensive  investigation.  They  are  beta-alumina 
and  thin-walled  borate  glass  tubes. 

Charging  procedures,  high  temperature  seals,  noncorrosive 
high  temperature  containment  materials,  and  solid  electrolyte 
failure  modes  are  presently  under  investigation  in  the  United 
States  and  abroad.  Notable  foreign  efforts  are  underway  in  Japan, 
the  United  Kingdom,  Germany,  and  France. 

4. 6.2.6  Advanced  battery  tests.  - In  eleven  experiments 
reported  to  date  full-size  experimental  batteries  were  used  to 
power  electric  vehicles.  Six  of  the  tests  were  made  in  the  United 
States,  three  involved  nickel-zinc  batteries,  two  a nickel-iron 


TABLE  4-9.  - PERFORMANCE  OF  VEHICLES  WITH  EXPERIMENTAL  BATTERIES 


Battery 

Vehicle 

Performance 

Range  relative 
to  lead-acid 
battery 

Range 

Speed 

km 

mile 

km/h 

mph 

Nickel- zinc 

Otis  P-500  van  (NASA) 

88 

55 

32 

20 

1.87 

68 

42 

(a) 

(a) 

2.01 

Otis  P-500  van  (USPS) 

88 

55 

48 

30 

1.62 

28 

18 

(b) 

(b) 

1.75 

CDA  Town  Car 

235 

146 

64 

40 

1.82 

Nickel-iron 

Fiat  128 

c97 

60 

48 

30 

1.50 

1/4-Ton  delivery  van 

114 

71 

48 

30 

1.51 

Daihatsu 

259 

161 

40 

25 

d1.48 

Zinc-air/lead- 

Nissan 

496 

308 

40 

25 

d2.25 

acid  (hybrid) 

Toyota 

455 

283 

40 

25 

d2.53 

Iron-air/lead- 

Daihatsu 

260 

162 

40 

25 

dl.  49 

acid  (hybrid) 

Zinc  - chlorine 
hydrate 

Vega 

246 

152 

80 

50 



Sodium-sulfur 

Bedford 

161 

100 

— 

• 

aSAE  J227a  - B. 
bPostal  cycle. 

cNickel-iron  test  terminated  at  about  90-percent  depth  of  discharge, 
^Ccrrparison  of  similar  but  not  identical  vehicles. 
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syittni,  and  one  a zinc  — rhinru*  k . 

ThrtS  W^re  conducted  in  Japan  under^he^  f>atteFy*  Pour  other 
Three  of  these  batteries  werp  Jltl i tJ?e  "ational  MITI  Program. 

2e.  f°u*;th  was  a nickel-iron  battery* hybrids  "hile 
tested  in  a van  in  England.  The  rpl'.i/  sodium-sulfur  battery  was 
summarized  in  table  H in  thf«l  S °f  these  tests  «e 
place  since  1972.  f these  experiments  have  taken 

te«8  f°r"NASA1ti«U  b^two^induitr ial*battervt6d  USing  batteries 
tests  were  conducted  on  two  ^ 31  battery  companies.  The 

by  USPS,  and  a passenger  ^r  ^i^Anl8*?'3  by  NASA  and  the  other 

tests  showed  lncreasel  of  87'a“S  15  aJ8?  te8ted-  The  Lewis 

range  for  the  van  and  the  car  *n  the  constant  speed 

increase  in  range  under  SAE  J227*  A 101_Percent 

for  the  van.  The  car  traveled  MS Tn™?  * teStS  was  achieved 
kilometers  per  hour  (40  mph).  The  ncps  tltf"  ^46  mlles)  at  64 
improvement  of  62  percent  at  a tests  showed  a smaller 

hour  (30  mph).  Figure ^fsbo™  t^xnn^  °f  48  *“ometers  per 
packaged  for  the  van  used  in  ?he  N^SA  t3°^amPere-hour  battery 


Figure  4-21.  - Experimental  300  ampere-hour  nickel-zinc  battery. 


™>2t—  £!!£«>  for 

r— 01 260  k“-“"  '*« 
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Figure  4-22.  * Sodium-sulfur  battery. 


Figure  4-23.  - Bedford  van  powered  by  a sodium-sulfur  battery. 


mph ) is  reported  for  a Daihatsu  lightweight  passenger  car  using  an 
iron-air/lead-acid  hybrid  battery.  A Toyota  sedan  and  Nissan 
truck  equipped  with  zinc-air/lead-acid  hybrid  batteries  had  ranges 
of  455  kilometers  (283  miles)  and  496  kilometers  (308  miles), 
respectively,  at  the  same  speed  (ref.  9). 

Tne  Electricity  Council  Research  Center  in  tne  United  Kingdom 
assembled  the  first  vehicle-size,  high-temperature,  alkali  metal 
battery  for  testing.  The  battery,  shown  in  figure  4-22,  consisted 
of  modules  of  individual  ceramic  tube  cells.  The  test  was 
conducted  in  a Bedford  van  (fig.  4-23).  A range  of  161  kilometers 
(100  miles)  was  reported. 
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4*6.3  Summary  and  Conclusions 

performance^oin^of  i°iev;!'rtheSlead-aci!"^a^^"y^leFr0m  3 

reasonable  rancre  to  ~a  iacid  ,battery  can  provide  a 

functions?  not eve?  84?ieotfios  to  fulfil*  many 

that  improvements  in  life  are  stiUhneedfdC?o  ba£teries  indicates 
operating  costs.  111  neec3ed  fco  achieve  low  vehicle 

aboveTth°seWof "lead-acid'batter ieseXhyettei  imited^i?f enerh  ’"’eS  Wel1 

difficulties,  complexitv  ana  IT®?*,,  Xet'  limited  ll£*r  charging 
electric  vehicles  At  ore^nf-  ^ have  P^evented  their  use  in 
available  only  on  a ■peSal  SrtorhhLK%2e!Bl0S?ent  items 

s ^srsni?;isa?,sa51JK;1s.* 

4.7  BATTERY  CHARGERS 

volt  char ger Vor ^by^a *~DC  ^ Charg?d  either  bY  an  independent  12 
operates  the6"  *" 

."Sjssars^a-i-  ilW  i «i^pe^S£:%rTtrol> 

batteries,  and  the  voltage  f]  uni-ns?fGdiafua?Ee  c7'cling  as  the  main 
One  of  the  vehicles  tester?  h^cJua^es  with  the  state  of  charge. 

motor  to  charge  the  l!-volt  bft^f^olher00"^6?  t0  the  tr^bion 
converters  operating  fmm  *-h«m  0fci?er  vehicles  use  DC  to  DC 

12  volt  batter ies1fully°chargedaat  aJf ies  t0  keeP  fche 
required  capacity  of  the  l!  volt  L=JL  ' reducin9  the 

designers?  ^tr^fflci9”^  by  kh®  indivJual^ehL?" 

available?^01®  ' safety'  isolation?^ ^Mabil  i^ra^e^ot  W9VS 

tat««y 
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TABLE  4-10.  - VEHICLE  VOLTAGES 


■ 

Lewis  survey 

Test 

Automobiles 

Buses 

Vans 

vehicles 

Number 

of  vehicles  surveyed 

or  tested 

24 

1 

30 

2 

36 

5 

1 

48 

3 

1 

5 

54 

1 

1 

66 

1 

72 

3 

1 

2 

2 

80 

1 

1 

84 

1 

2 

2 

90 

1 

1 

96 

2 

. 2 

6 

100 

1 

108 

1 

1 

112 

2 

120 

4 

2 

2 

144 

3 

2 

180 

192 

1 

216 

5 

2 

360 

2 

375 

1 

530 

1 

Not  re- 
ported 

39 

10 

16 

0 

Total 

66 

14 

40 

23 

SSS.S?  SS'STi.SSriS  S.tJS'a25SS‘,r“*llr 
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The  custom-built  battery  chargers  generally  consist  of  a 
transformer,  a rectifying  circuit,  and  various  control  devices. 

The  expected  efficiency  is  about  90  percent.  Charger  efficiency 
tests  were  conducted  in  the  current  test  program.  Table  4-11 
shows  that  the  indicated  efficiencies  ranged  from  80  to  over  100 
percent.  Two  methods  of  determining  efficiency  were  employed. 

The  first  method  used  a residential  kilowatt-hour  meter  to  measure 
power  input  during  charging  time  and  a voltmeter  and  ammeter  to 
measure  power  output.  This  method  gave  indicated  efficiencies 
about  5 to  10  percent  lower  than  the  indicated  efficiencies 
determined  using  the  best  wideband  wattmeter  obtainable  to  measure 
both  AC  input  and  DC  output  power.  The  same  measurement  problems 
exist  here  as  with  chopper  controllers  and  much  development  and 
test  work  are  needed.  Kilowatt-hour  meters  are  known  to  read  high 
on  nonsinusoidal  wave  forms.  Errors  of  7 percent  have  been 
reported  (ref.  12).  The  wideband  wattmeter  readings  were  all  at 
the  low  end  of  the  meters*  range  where  accuracy  is  poorest. 

Better  measurement  techniques  are  needed. 

Battery  chargers  have  high  efficiencies  at  the  initiation  of 
the  charging  cycle,  but  efficiency  decreases  as  the  charge 
progresses.  Failure  to  terminate  the  charging  process  at  the 
optimum  time  al£o  reduces  efficiency.  The  chargers  rely  either  on 
a timer  or  on  the  increase  in  battery  voltage  that  is  associated 
with  full  charge.  To  properly  set  a timer,  the  operator  must 
estimate  the  initial  state  of  charge  and  the  average  charging 
current.  The  charging  current  is  determined  by  the  difference 
between  the  supply  voltage  and  battery  voltage  divided  by  the 
effective  circuit  impedance.  Thus,  any  changes  in  supply  voltage 
due  to  power line  variation  or  changes  in  battery  voltage  due  to 
age,  temperature,  or  battery  condition  affect  the  proper  timer 
setting.  Battery  age,  temperature,  and  condition  also  interfere 
with  chargers  that  sense  the  rise  in  battery  voltage.  Batteries 
are  either  undercharged  and  reduce  range  or  overcharged  and 
increase  energy  consumption  cost  for  power,  and  reduce  battery 
life. 


Except  where  laboratory  power  supplies  are  used  as  battery 
chargers,  the  current  wave  shape  consists  of  a series  of  pulses. 
The  magnitude  and  shape  of  the  pulses  vary  widely  from  charger  to 
charger.  One  charger  that  uses  phase  controlled  SCR's  required  a 
55-ampere  peak  current  to  produce  a 10-ampere  average  value.  The 
rms  current  was  25  amperes.  The  peak,  rms,  and  average  values 
must  all  be  considered  when  sizing  branch  circuits  and  circuit 
breakers  for  the  chargers. 

Because  the  battery  chargers  are  custom  designed  for  the 
individual  vehicles,  the  charger  must  either  be  carried  aboard  the 
vehicle  or  the  vehicle  must  return  to  home  base  before  the  battery 
capacity  is  exhausted.  An  on-board  charger  places  an  additional 
weight  penalty  on  the  vehicle.  To  minimize  this  weight  penalty. 
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the  designers  tend  to  use  auto  transformers  or  to  eliminate  the 
transformer  completely.  Both  approaches  sacrifice  electrical 
isolation. 


Several  areas  for  battery  charger  improvement  have  been 
indicated.  Most  important  is  the  development  of  instrumentation 
to  monitor  battery  and  charger  performance.  Once  the 
instrumentation  is  available,  it  will  be  possible  to  determine  the 
best  combination  of  components  and  charging  strategy  for  safe, 
efficient,  and  economical  operation, 

4.8  COMPONENT  SUMMARY 

Since  virtually  no  components  are  commercially  available 
today  that  have  been  specifically  designed  for  electric  vehicles , 
designers  must  modify  and  adapt  components  that  were  originally 
intended  for  other  purposes.  The  high  cost  of  new  equipment 
frequently  induces  the  designer  to  make  compromises  and  to  use 
surplus  or  rebuilt  equipment.  Consequently,  pertinent  design  data 
seldom  are  available.  The  greatest  gains  in  vehicle  range  appear 
to  be  obtainable  from  improved  batteries  and  overall  drive  train 
optimization. 

The  batteries  that  are  being  used  on  the  presently  available 
vehicles  are  the  lead-acid  type.  These  batteries  are  either  the 
golf  car  or  semi-industrial  types.  The  golf  car  battery  puts  a 
premium  on  low  initial  cost,  high  power,  and  high  specif ic  energy . 
The  semi- industrial  battery  has  longer  life.  Other  batteries  that 
have  been  tested  in  electric  vehicles  are  the  nickel-zinc, 
nickel- iron,  zinc-air,  iron-air,  zinc-chlorine,  and  sodium-sulfur 
systems.  These  advanced  battery  systems  have  all  exhibited 
specific  energies  well  above  that  of  the  lead-acid  batteries. 
Limited  life,  charging  difficulties,  complexity/  lack  of 
availability,  and  cost  have  restricted  their  use  in  electric 
venicles  to  date. 

Battery  life  and  performance  depend  not  only  on  the  manner  in 
which  the  battery  is  charged  and  discharged  but  also  on  the  manner 
of  determining  the  end  of  the  charging  or  discharging  periods. 
Battery  chargers  generally  operate  at  high  initial  efficiency. 
However,  the  lack  of  an  accurate  state-of-charge  indicator 
prevents  the  charger  from  shutting  down  when  the  charge  is 
complete.  Similarly,  instrumentation  to  determine  the  optimum 
point  to. terminate  discharge  is  inadequate. 

The  wide  variations  in  the  vehicle  propulsion  system 
efficiencies  seen  from  the  track  test  data  indicate  the  need  for 
c future  propulsion  system  optimization.  The  interactions  of  all 
the  components  in  the  drive  train  require  careful  matching  of  the 
components  and  optimization  of  their  operating  points  not  only  for 
increased  range  but  also  improved  acceleration,  hill  climbing 
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ability,  and  reduced  energy  consumption.  Pew  components  designed 
specifically  for  electric  vehicles  are  available/  so  vehicle 
designers  have  had  to  accept  the  compromises  associated  with  using 
less  than  optimum  components  or  develop  their  own  components. 


Separately  excited  DC  motors  are  replacing  series  motors  in 
many  electric  vehicle  drive  systems.  This  allows  using  smaller 
power  switching  components  in  the  controller  and  simplifies 
regenerative  braking , which  is  almost  universally  used  in  foreign 
vehicles  and  gaining  favor  in  the  U.S.  vehicles.  The  AC  drives 
are  experimental  and  infrequently  encountered.  No  motor 
controllers  specifically  designed  for  shunt  or  AC  motors  are 
available  in  sizes  appropriate  to  electric  or  hybrid  vehicle  use. 
Both  motors  and  controllers  would  be  more  efficient  if  system 
voltages  were  higher  than  the  48  to  108  volts  commonly  used  today. 

Transmissions  and  differentials  used  in  electric  vehicles  are 
usually  standard  automotive  units.  They  are  designed  for  vehicles 
having  much  greater  power  and  speed  capabilities  than  electric 
vehicles  and  not  enough  attention  has  been  paid  to  their 
efficiency  at  low  speed  and  power.  Virtually  all  vehicles  which 
are  conversions  retain  the  multispeed  transmission  of  the  original 
for  mechanical  convenience.  Experience  with  these  vehicles  shows 
tnat  battery  current  can  be  reduced  during  acceleration  and  while 
negotiating  grades  by  changing  gear  ratios.  Although  many 
vehicles  built  today  do  not  use  transmissions,  the  improved 
acceleration  and  reduced  battery  demands  offered  by  at  least  a 
single  gear  shift  suggests  that  this  approach  needs  to  be 
evaluated  further.  Tire  design  improvements  also  promise  range 
gains,  present  tire  designs  are  optimized  for  performance  at 
speeds  well  beyond  the  capability  of  electric  vehicles.  Energy 
efficiency  has  only  recently  become  a major  design  consideration. 
Tire  engineers  estimate  that  designs  that  are  optimized  for 
electric  vehicles  could  increase  range,  but  their  use  must  be 
coupled  with  careful  suspension  design  to  preserve  riding  quality. 

Predictions  of  range  gains  due  to  component  improvements  are 
difficult  because  of  component  interaction  and  the  lack  of 
relevant  steady-state  and  transient  data.  However,  the  assessment 
of  the  presently  available  components  clearly  indicates  that 
substantial  performance  improvements  should  be  possible  with 
further  development. 
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5 . 0 HYBRID  VEHICLES 


The  intent  of  Public  Law  94-413  is  to  reduce  the  amount  of 
petroleum  used  in  transportation  by  transferring  some  « th' e 
energy  demand  to  more  plentiful  energy  sources  such  as t 
nuclear  sources.  The  electric  vehicles  discussed  in  this  report 
Sbvilullycln  meet  this  intent  because  all  the  energy  requirements 
(electricity*  may  be  obtained  from  central  electric  power  stations 

which^se  these  alternative  fuels . However , under  the  present 
state-of-the-art,  this  energy  advantage  is  attained  with  electric 
vehicles  at  the  expense  of  several  performance  characteristic*. 
Range, 'acceleration,  hill  climbing  ability,  and  usually  maximum 
soeed  are  reduced  over  those  obtained  with  conventional 
automobiles,  k hybrid  vehicle  which  utilizes  two  sources  o 
enerqy  has  the  potential  of  reducing  petroleum  dependence  to  a 
less!?  degree  than  an  electric  vehicle  but  offers  more  Performance 
capability.  However,  until  recently,  hybrid  vehicles  were 
designed  to  reduce  emissions  rather  than  to  minimize  petroleum 

fuel  consumption. 

Motive  power  for  vehicles  examined  in  this  study  is  supplied 
bv  a comparatively  small  heat  engine  which  is  supplemented  by  an 
eLctric?moto^  Typically,  the  heat  engine  provides  the  average 
power  required  for  riopull ion  and  battery  charging.  The  electric 
motor  provides  additional  power  for  rapid  acceleration  and  other 
peak  power  demands.  To  reduce  emissions  the  I heat  engine  usually 
is  operated  at  nearly  constant  power.  Most  hybrids  of  this  type 
have  been  designed  to  operate  so  that  ^tle, _ if  any,  it , 

depletion  occurs  under  most  driving  conditions,  and,  as  a result, 
the  vehicle' s range  usually  is  not  limited  by  battery  capacity. 

(An  exception  if  operation  in  the  so-called  on-off  mode  described 
later.)  The  continuous  run  engine  operating  mode  does  not  re 
in  a complete  transfer  of  energy  demand  from  petroleum  to  other 
sources;  but  it  has  the  potential  of  reducing  petroleum 
consumption  by  improving  the  operating  efficiency  of  the  heat 

engine. 

Discussed  first  in  this  report  are  the  various  classes  of 
hybrid  vehicles  and  their  operating  modes.  Described  next  are  the 
types  of  vehicles  and  components  that  are  available  today. . 

Finally,  the  vehicle  performance  characteristics  are  di..cussed. 
Detailed  descriptions  of  the  vehicles,  their  performance 
characteristics ,;>nd  descriptions  of  the  vehicle  tests  are 
presented  in  appendix  B. 
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Figure  5-1.  - Series  hybrid  configuration. 


5.X  TYPES  OF  HYBRID  VEHICLES 

All  heat  engine  - battery  hybrid  vehicles  may  be  grouped  in 
two  general  classes,  series  and  parallel.  In  the  series  system 
(fig.  5—1 ) all  of  the  net  power  output  of  the  heat  engine  is 
converted  into  electric  power  by  an  alternator-rectifier  or  a DC 
generator.  The  electric  power  is  reconverted  to  mechanical  power 
by  an  electric  motor  connected  to  the  drive  wheels,  either 
directly  or  through  a gear  reduction  system.  Vehicle  speed  is 
controlled  as  in  an  electric  vehicle.  Whenever  the  power 
requirement  of  the  vehicle  is  greater  than  the  power  supplied  by 
the  engine,  the  additional  power  required  is  drawn  from  the 
batteries.  When  the  engine  power  output  is  greater  than  the 
vehicle’s  requirements,  the  excess  power  is  used  to  charge  the 
batteries.  The  engine  may  operate  essentially  at  constant  speed 
and  load  for  optimum  fuel  economy.  The  motor  can  also  be  driven 
by  the  wheels  to  provide  regenerative  braking. 

Ih  the  parallel  system,  only  the  power  required  to  charge  the 
batteries  is  converted  to  electric  power.  The  majority  of  the 
engine  power  is  delivered  through  a mechanical  transmission 
directly  to  the  wheels.  Shown  in  figure  5—2  is  an  example  of  one 
type  of  parallel  hybrid  drive  train.  In  this  example,  the  heat 
engine  is  mounted  on  the  same  shaft  as  the  electric  motor.  In 
some  hybrids,  a clutch  is  provided  to  disconnect  the  heat  engine 
from  the  drive  train,  while  ethers,  the  heat  engine  is 
connected  directly  to  the  transmission  so  that  the  motor  and 
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Figure  5-2.  - Parallel  hybrid  configuration. 


engine  are  in  parallel.  In  all  the«tor  torque^nd^engxne 

torque  are  additive  so  that  the  . requirements  exceed 

a series  system. . When  the  vehicle  or b the  battery 
the  engine  capacity,  the  ®xtr®  p°”,  parallel  systems  discussed  m 

.«”“LU  Si™.  «i..n  »y  bh=  .h..i=  to  p»yM. 

regenerative  or  electrical  braking. 

5 . 2 OPERATING  MODES 

The  mission  pr.s.rlb.s  tb.  r5f^4 .‘JT “he”11'!' 

i:hiS!e0S?h£Se’h0“ 

that  primarily  uses  the  h®f!r  efcS  t useg  the  all-electric  mode  m 
is  the  milk  delivery  s=he^uie.^h^.p  the  highway.  Specific 
tne  hybrid  vehicle!  are  described  in 

SK ”Sl« keratin,  «S~  •«  bo  .9s»«P*b  >»“ 

general  classes  which  are  described  next. 

The  simplest  class  of  modes. involves  continuous 

the  heat  engine  or  ne^,  maximum  p “uise  at  maximum 

heat  engine  powe?  required  for  acceleration  is 

vehicle  speed.  The  additional  p »nv  excess  power  available  from 
supplied  by  the  electric  motor.  Any  excess  p 
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engine  Is  used  to  charge  the  batteries.  Usually  the 
depleted?  lg  to  operate  so  that  the  batteries  are  not 

fu  . J?®  other  class  of  operation  inodes  is  the  on-off  mode.  Here 
® J^cit  engme  operates  only  when  the  vehicle  is  running  at  high 
speeds  or  when  the  battery  is  depleted.  The  battery-powered  9 
electric  motor  provides  the  vehicle  power  at  the  lower  speeds  and 
augments  the  heat  engine  during  acceleration.  Battery  depletion 
^ny  .operating  modes  so  the  rangeVanbe 

limited  by  battery  capacity.  Petroleum  fuel  consumption  can  be 
lowered  with  this  operating  mode  as  more  of  the  propulsion  enerqv 
is  provided  from  electricity  if  recharge  is  fro/  ne  na  9 
nonpetroleum  electric  source.  The  all-electric  operation  at  low 
speeds  also  aids  in  reducing  emissions.  operation  at  low 

5.3  HYBRID  VEHICLE  COMPONENTS 

5.3.1  Background 

With  the  exception  of  a heat  engine  (alone  or  with  an 
alternator  or  generator),  a hybrid  vehicle  uses  the  same  types  of 
components  as  an  all-electric  vehicle.  The  electric-melhanicll 

n^TVfi^\a-Ser:LK?  ?ybrid  vehicle  is  identical  to  the  drive  in  an 
all-electric  vehicle.  The  heat  engine  - alternator  (or  heat 

engine  - generator)  and  its  control  are  usually  added  as  a 

separa£e  ujjit.  The  electric  drive  in  a parallel  hybrid 
tran^m?^n°  C£n  be  the  Same  as  an  all-eiectric  vehicle.  The*^ 
enainS^nH  1 musfc  accepfc  Power  inputs  from  both  the  heat 

t wo Xpower ^sources6 in'parailei:  th*  C°ntro1  SyStem  mUSt  COntro1 

Parallel  hybrid  drive  trains  require  variable-speed 

transmissions  to  match  the  heat  engine  to  the  load  requirements  of 
the  vehicle.  Types  that  have  been  used  are  requirements  ot 

converters31  automatic  transmissions  containing  torque 

(2)  Conventional  manual  3-  and  4-speed  transmissions 

(3)  Modified  conventional  torque  converter,  single-speed 
transmission  with  an  automatic  clutch 

(4)  Continuously  variable  transmissions 

In  general,  the  transmissions  are  adaptable  to  hybrid 
vehicles  with  a modification  for  the  second  input  drive. 
Transmissions  designed  specifically  for  a parallel  hybrid  system 
are  not  available. 
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The  control  of  the  electric  motor  for  either  a series  or 
parallel  hybrid  drive  train  is  the  same  as  that  for  an  electric 
vehicle  drive  motor. 

The  overall  control  system  of  a parallel  hybrid  vehicle  is 
more  complex  than  that  of  an  electric  vehicle  or  series  hybrid. 

For  the  parallel  hybrid  engine  the  motor  drive  power  and  power  for 
battery  charging  must  be  controlled  simultaneously.  The  contro 
principles  discussed  previously  are  applicable,  but  each  paralle 
design  requires  a special  control  system.  Types  of  contro.l 
systems  that  have  been  used  vary  from  sophisticated  electric 
analog  logic  circuits  to  mechanical  differential  dr£![®s  “s®2 
conjunction  with  an  electric  motor  speed  control.  All  of  these 
control  systems  have  been  built  specially  for  each  parallel  hyb 

vehicle . 

5.3.2  Heat  Engines  for  Hybrid  Vehicles 

The  operation  of  a heat  engine  for  a hybrid  vehicle  differs 
from  a conventional  engine  in  that  the  hybrid  heat  engine  does  not 
have  to  change  speed  rapidly  and  it  runs  for  longer  tunes  at  high 
power.  The  desired  hybrid  heat  engine  should  be  as  ?-^htweight 
and  durable  as  possible.  The  desired  size  is  only  slightly  above 
the  average  power  required  to  drive  the  vehicle;  the  electric 
system  provides  the  additional  power  necessary  for  acceleration, 
passing,  or  hill  climbing  (dr iveabilty ) . An  1810-kilogram 
( 4000-lbm)  conventional  automobile  has  cruise  power _r®q“1u®“®  ,== 
from  4 to  22  kilowatts  (5  to  30  hp)  at  88  kilometers  per  hour  ( 
mph)  , but  driveability  requirements  lead  to  a 112-kilowatt 
( 150-hp)  engine  whose  efficiency  peaks  at  45  68  kilowatts  ( 

to  90  hp)-.  The  hybrid  vehicle  can  provide  substantial  gams  in 

fuel  economy  because  the  engine  is  sized  for  cruise  ^hen* 

and  is  operated  at  near  peak  efficiency.  Engines  should  then 
range  from  15  kilowatts  (20  hp)  for  a small  car  to  about  35  kw  (57 

hp)  for  a van. 

Conventional  automobile  engines  are  not  optimized  for  the 
previous  use  conditions.  They  are  designed  to  give  long  life  at 
an  average  power  level  of  20  percent  of  their  maximum  power 
capability,  which  is  also  below  peak  efficiency. 

Emission  control  can  be  simplified  in  the  hybrid  engine 
operated  at  constant  power  level.  The  on-off  mode  of 
on  the  other  hand,  can  use  emission  control  techniques  that  have 
been  developed  to  meet  emission  standards  for  the  conventional 
automobile . 

The  engine  types  discussed  in  the  following  paragraphs  have 
been  used  in  experimental  hybrid  vehicles. 
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5.3.3  Spark-Ignition  Engine  (Reciprocating) 

While  conventional  automobile  engines  are  available  in  a wide 
variety  of  power  levels,  their  design,  as  mentioned  in  the 
previous  section,  would  limit  their  life  if  they  are  operated 
continuously  at  maximum  power. 

Very  durable  spark- ignition  engines  for  continuous  operation 
at  high  percentages  of  maximum  power  are  in  use  in 
general-aviation  and  industrial  applications.  Industrial  engines, 
however,  are  very  heavy,  with  specific  weights  of  6.6  to  13.2 
kilograms  per  kilowatt  (10  to  20  lbm/hp) . Compact  general 
aviation  piston  engines  (specific  weight  under  1.2  kg/kW 
(2  lbm/hp))  are  presently  available  at  45,  75,  and  85  kilowatts 
(60,  100,  and  115  hp)  and  at  larger  powers.  All  of  these  engines 
produce  peak  efficiencies  at  50  to  65  percent  of  rated  power  and 
are  designed  to  operate  continuously  up  to  75  percent  power. 

These  engines  are  durable  and  lighter  than  the  industrial  engine, 
but  they  are  also  quite  costly. 

Progress  has  been  made  in  improving  fuel  economy  while 
maintaining  low  emissions.  The  catalytic  converter  has  permitted 
engine  modification  for  improved  fuel  economy.  Improvements 
including- the  stratif ied-charge  engine,  fuel  injection,  modified 
valve  timing,  quick-heat  intake  systems,  and  all-electronic 
control  of  engine  parameters  to  permit  11  lean  burn"  are  reducing 
fuel  consumption. 

The  spark- ignition  engine  has  been  highly  developed  and  its 
fuel  consumption  is  now  quite  low.  While  fuel  consumption  depends 
on  the  specific  operating  condition  of  the  engine,  the  most 
efficient  condition  occurs  at  high  load,  the  same  condition 
required  for  optimum  operation  of  a hybrid  vehicle. 

Both  the  automotive  and  general  aviation  industries  have 
efficient,  lightweight,  low  emission,  current-production 
spark-ignition  engines  available  which  could  be  readily  adapted 
for  most  hybrid  applications. 

5.3.4  Diesel  Engine 

The  diesel  engine  has  been  used  for  decades  for  heavy-duty 
applications.  Its  most  significant  advantages  are  good  fuel 
economy  and  durability  at  the  design  operating  point.  Maximum 
efficiency  is  reached  at  40  to  50  percent  of  rated  power  and 
remains  high  with  increasing  power,  dropping  only  10  percent  at  80 
percent  of  maximum  horsepower.  Industrial  engines  are  designed  to 
operate  continuously  at  about  85  percent  rated  power. 

Low  power  diesel  engines  are  used  in  many  industrial 
applications,  and  above  30  kilowatts  (40  hp)  diesel  engines  are 
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. n*.  nwpr  levels  below  30 

used  more  than  gasoline  engines.  ^usually  air  cooled.  The 
kilowatts  (40  hp),  diesel  Generally  heavy,  weighing 

. 3lir  -rial  air-cooled  diesel  engine  ^ on  Ibm/hp)  depending  on 
Soml  to  l!  kilograms  per  kilowat t (10  to  ^ b (40 

the  degree  of  conservatism  m tbe  ' d i;Lg  ater  cooled.  Quoted 
St,  industrial  engines  are  almost  all  water  c 4.6  to  6.6 

specific  weights  vary  °°?side^b^m/ho)  without  the  radiator  or 
kiloarams  per  kilowatt  (7  to  10  lbm/hp)  wicno  been  used  in 

cootlnt!  Light-duty  “^«eof  (?S!  1).  Production 

foreign  countries  for  a numb  automotive  diesel  engines  are 
recently  has  been  increased  and  au< tom. Dtiv  states  because  of 

being  considered  seriously  Cor  u^on0my.  These  diasel  engines  use 
the  increasing  emphasis  on  fue  e°°gk  combustion  pressures  aad 

temperatures^  blowing  the  eng  ine  to  be  V. if percent 

552  S;»“L?aS 

Minimum  fuel  consumption  for  ^he^ut^twe^dieBel^^ 

varies  from  about  0.30  kilogram  P kilogram  per  kilowatt-hour 
at  30  kilowatts  (40  hp)  to  about  0.27  £^°gr|pe£ific  weight  and 
fQ  45  lbm/hp-hr)  at  75  kilowat  ( . ^ r a comparable  gasoline 

mM  «.  abort  20 ™fSo.pt*on  1=  ».  ™ “bbrt 

sais  lU'Si  ■” in# 

in  1977.  At  its  rated  37.5  k fuel  consumption  is  lower. 

r.;s  jr^4r- “iss™  l*ss? ;°> 

However,  there  could  be  difficulty 
standards. 

The  diesel  engine , ^a?^e°at1high1continuous  power,  should 

*'*il'bii1Si ats! tTS ijbrii •"»*“  Uf* h" “ 

5.3.5  Rotary  Engine 

The  rotary  engine  U li#;  ^upiedlirecfly' to^a 
at  high  rotational  speed  and  can  b p earbox.  The  durability 

high-speed  electric  g®"e’if°a asf comparable  to  reciprocating-type 
-c  <-he  rotary  engine  is  at  leas  arj.e  no  valves  or 

^naines  because  there  are  fewer  moving  p s4als  and  rotor  housing 

camshafts,  and  smooth  rotary  motion.  P ted  to  b e satisfactory 

materials  have  been  de vel ^ enqine  (ref.  4)  and  perhaps  also 

for  the  duty  cycle  of  an  aircraft 
for  a hybrid  vehicle. 

Engines6  7?  °d  ffl-^tHlM- 
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available.  The  energy  consumption  of  the  two-rotor,  1977  Mazda 
rotary  engine,  rated  at  85  kilowatts  (115  hp) , has  been  improved. 
It  is  now  equal  to  or  better  than  that  of  a piston  engine  of  the 
same  size  (ref.  5).  Approximately  half  the  energy  consumption  of 
the  1973  rotary  engine  has  been  achieved.  A new  125-kilowatt 
(170-hp)  rotary  engine,  the  Audi  NSU  #871,  reaches  its  maximum 
efficiency  at  56  percent  of  maximum  power  (ref.  6) . / St  is  a 
water-cooled,  two-rotor  engine  that  we ighs  142  kilograms  (313  lbm) 
and  is  being  evaluated  for  use  in  both  automotive  and  aircraft 
applications. 

Recent  test  data  from  an  aircraft  rotary  engine  program 
(ref.  7)  indicate  that  the  energy  consumption  and  emissions 
characteristics  of  single-rotor  engines  are  very  similar  to  those 
of  the  corresponding  two-rotor  engines.  A number  of  automobile 
manufacturers  in  Europe  and  Japan  presently  are  road  testing 
single-rotor  versions  of  these  engines. 

The  exhaust  emission  levels  of  the  1978  Mazda  rotary  engine 
vehicles  with  conventional  controls,  without  catalysts,  are 
reported  to  meet  the  1980  United  States  emission  standards  (ref. 
8).  The  engine  utilizes  a lean  combustion  system  with  a lean 
thermal  reactor  and  exhaust  gas  recirculation.  Stratified  charge 
versions  of  the  rotary  engine,  employing  fuel  injection  or 
carburetion,  are  under  development  in  the  United  States,  Europe, 
and  Japan.  These  engines  are  expected  to  have  lower  energy 
consumption,  lower  emissions,  and  multifuel  capability. 

Rotary  engines  of  45  kilowatts  (60  hp)  and  under  are  used  for 
motorcycles,  snowmobiles,  boats,  and  industrial  applications. 

These  small  engines  are  produced  in  foreign  countries  in  both 
water-  and  air-cooled  versions.  The  specific  weights  of  these 
smaller  engines  are  fairly  low,  ranging  from  1.3  to  1.8  kilograms 
per  kilowatt  (2.2  to  3 Ibm/hp). 

The  rotary  engine  is  in  use  in  a few  automotive  and 
off-the-road  vehicle  applications  and  is  being  considered  for 
aircraft  use.  It  has  recently  demonstrated  energy  consumption  and 
exhaust  emissions  comparable  to  a conventional  spark  ignition 
engine.  The  rotary  engine,  however,  is  not  produced  in  the  United 
States. 

5.3.6  Stirling  Engine 

. Ti?e  Stirling  engine  has  advanced  rapidly  from  the  laboratory 
curiosity  it  was  20  years  ago  to  a serious  candidate  for  an 
a^?m?tlve  h?at  engine  today.  The  theoretical  potential  for  high 
efficiency,  low  emissions , and  multifuel  capability  has  stimulated 
extensive  Stirling  engine  development  efforts.  General  Motors  was 
in  Sfc irl ing  en9ine  development  during  the  1960's  and  early 
!970  s.  in  1969  General  Motors  tested  a hybrid  1968  Opel  Kadett 
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in  which  a 6-kilowatt  (8-hp)  Stirling  engine  was  installed  and 
operated  (ref.  9).  Recently,  the  Ford  Motor  Company  initiated  a 
major  development  effort  to  produce  a 128-kilowatt  (170-hp 
Stirling  engine  for  its  Torino  automobile  (refs.  1°  Ji); 
Several  vehicles  have  been  fitted  and  test  driven  with  Stirling 
engines.  United  Stirling  of  Sweden  has  a series  of  five  engines 
under  development  that  vary  in  power  output  from  30  to  112 
kilowatts  (40  to  150  hp) . The  30-kilowatt  (40-hp)  engine  has  been 
installed  and  field  tested  in  two  German  automobiles,  other 
Stirling  engines  have  been  installed  in  boats,  trucks,  and  buses. 


The  data  available  for  Stirling  engines  in  automotive 
applications  are  limited.  The  United  Stirling  40-kilowatt 
(53.6-hp)  - V4  engine  weighs  180  kilograms  (396  lbm) . Best 
efficiency  is  reported  to  be  35  percent.  The  single-cylinder, 
rhombic-drive  engine  which  General  Motors  installed  m the  1968 
Opel  demonstrated  a peak  efficiency  of  26.4  percent.  Emissions 
data  are  not  available. 


While  the  Stirling  engine  offers  the  theoretical  potential 
for  excellent  fuel  economy  and  very  low  emissions,  its  development 
is  not  yet  far  enough  advanced  to  allow  it  to  be  considered  tor 
hybrid  vehicle  application. 


5.3.7  Gas-Turbine  Engines 

Gas-turbine  engines  are  light,  compact,  and  durable  and  have 
low  emissions  (refs.  11  and  12).  Aircraft  gas  turbine  engine 
technology  is  highly  developed  for  375-kilowatt  (500-hp)  and 
larger  engines.  In  the  15-  to  45-kilowatt  (20-  to  60-hp)  range, 
however,  the  only  known  available  units  are  auxiliary  power  unit 
(APU)  gas  turbines  without  regeneration.  They  are  “9^  and 
compact,  but  their  minimum  fuel  consumption  of  about  0.66  kilogram 
per  kilowatt-hour  (1.1  lb/hp-hr)  is  too  high  for  most  automotive 
applications • 

Gas  turbines  with  regeneration  at  power  levels  above  75 
kilowatts  (100  hp)  are  being  developed  for  automotive  use.t 
Although  early  programs  yielded  disappointing  results,  it  is 
believed  that  these  problems  can  be  overcome  by  further  researcn 
and  development  work  (ref.  12). 

Peak-efficiency  fuel  consumption  of  about  0.3  kilogram  per 
lHiowatt-hour  (0.5  lb/hp-hr),  specific  weights  as  low  as  l.o 
kilograms  per  kilowatt  (3  lb/hp),  and  specific  volumes  approaching 
2.8  liters  per  kilowatt  (0.1  ft3/hp)  are  thought  to be  : possible. 
For  the  engines  being  developed  for  automotive  applications  the 
peak-efficiency  power  point  is  not  yet  known  but  is  expected  to  be 
about  50  percent  of  rated  power.  It  appears  ft  least  several 

years  of  additional  research  and  development  effort  will  be 
required  before  the  gas  turbine  is  a viable  concender  for  the 

hybrid  vehicle. 
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TABLE  5*1.  - CANDIDATE  HYBRID  HEM?  ENGINES 


(a)  S’  units 


teat  engines; 

Power 

Maximtfn 

Specific 

Specific 

Miniirun 

Duty 

Avail- 

Emissions 

range 

effi- 

weight, 

volute, 

fuel 

cyclea 

able 

cov- 

ered. 

ciency 

range. 

kg/kW 

(m*AW)id0J 

consutp- 

ticn, 

design, 

percent 

kW 

percent 

g/MJ 

of 

of 

rated 

power 

power 

Reciprocating  spark  ignition: 

Automotive 

30  - 90 

40  - 50 

2.4  - 4.3 

4.9  - 7.6 

76  - 101 

15-  2C 

Yes 

Industrial 

19  * 45. 

45  - 55 

3.0  9.1 

95  - 98 

45 

Aircraft 

45,75,85 

50  - 65 

<1.2 

50  - 75 

Diesel: 

Automotive,  general 

30  - 75 

40  - 50 

3,6  - 4.9 

7.6  - 11.4 

76  - 04 

h Problem  meeting  1980 

Automotive,  Rabbit 

37 

3.2 

76 

Yes 

52 

2.4 

74 

Industrial,  air  cooled 

15-30 

50  - 75 

6.1  - 9.1 

6.1  - 11.4 

6B  - 76 

80 

Industrial,  water  cooled 
notary: 

30-75 

50  - 75 

4.3  - 6,1 

4.9  - 9.1 

64  - 68 

80 

Two  rotor 

75  - 127 

56 

3.79-  1.3 

1.9  - 2.7 

74  - 95 

Yes 

Maets  1980  standards 

One  rotor 

37  - 63 

1.4  - 1.5 

2.3  *-  3.0 

95  - 101 

15-45 

1.3  - 1.8 

4.2  - 6.5 

101  - 117 

Stirling 
Gas  turbine: 

7-112 

4.3  - 9.1 

64  - 80 

No 

Very  low 

Auxiliary  power  unit 

15-45 

1.2  - 1.8 

3.4 

186 

Yes 

Very  low 

(simplo  cycle) 
Automobile  (regenerated) 

75  - 150 

25  - 50 

1.5  - 1.8 

3.0  - 3.8 

84 

No 

Very  lew 

(fa)  U.S.  customary  units 


Heat  engines 

Pcwcr 

Maximm 

Specific 

Specific 

Minirun 

Duty 

Avail- 

Emissions 

range 

effi- 

weight, 

voiutts. 

ft3/hp 

fuel 

cycle3 

able 

COT- 

cicncy 

lb/hp 

caistrp- 

design, 

ered, 

range. 

tion, 

percent 

hp 

percent 

linvOrp-h 

of 

of 

rated 

pcwcr 

power 

Reciprocating  spark  ignition: 

*> 

Automotive 

40  - 120 

40  - 5C 

4-7 

0.13  - 0.2 

0.45  - 0.6 

15-20 

Yea 

Industrial 

25  - 60 

45  - 55 

5-15 

0.56  - 0.58 

45 

Aircraft 

60,100,115 

50  - 65 

<2 

50  - 75 

Diesel: 

Automotive,  general 

40  - 100 

40  - 50 

6-8 

0.2  - 0.3 

0.45  - 0.5 

YC3 

„ Problem  tree  ting  1980 

Automotive,  Rabbit 

50 

5.3 

0.45 

70 

4.0 

0.44 

Industrial,  air  cooled 

20  - 40 

50  - 75 

10-15 

0.16  - 0.30 

0.40  - 0.45 

80 

industrial,  water  cooled 
Rotary: 

40  - 100 

50  - 75 

7-10 

0.13  - 0.24 

0.38  - 0.45 

80 

- 

IWo  rotor 

100  - 170 

56 

1.3  - 2.2 

0.05  - 0.07 

0.44  - 0.56 

Yea 

Meets  1980  standards 

Ono  rotor 

SO  - 83 

2.3  - 2.5 

0.06  - 0.08 

0.56  - 0.60 

20-60 

2.2  - 3.0 

0.11  - 0.17 

0.60  - 0.69 

Stirling 
Gas  turbine* 

10  - 150 

7-15 

0.38  - 0.52 

NO 

Very  lew 

Auxiliary  power  unit 
(einplo  cycle) 
Automobile  (regenerated) 

20  - 60 

2-3 

0.1 

1.1 

Yea 

Very  lew 

100  - 200 

25  - 50 

2.5  - 3 

0.08  - 0.1 

0.5 

NO 

Very  lew 

a’Iha  average  operational  pcwcr  level  used  in  predicting  engine  life. 
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5.3.8  Heat:  Engines  Discussion 

The  most  significant  characteristics  of  the  five  major 
candidate  heat  engines  for  hybrid  vehicles  are  summarized  in  table 
5— The  characteristics  listed  include  availability  m the  power 
range  of  interest,  weight,  volume,  fuel  consumption,  and 
emissions. 

The  conventional  production  spark- ignition  automotive  engine 
is  very  low  in  cost,  is  readily  available,  and  is  suitable  for  the 
hybrid  in  all  respects  except  engine  life:  the  engine  thus  far 

has  not  been  designed  to  operate  continually  at  50  to  70  percent 
of  rated  power  in  automobile  applications.  However,  a number  of 
4-cylinder  automotive  gasoline  production  engines  are  available 
that  could  be  operated  below  50  percent  of  rated  power  for  better 
durability  with  some  loss  in  efficiency. 

Industrial  engines  are  costly  and  heavy,  but  they  do  have 
reasonable  engine  life.  Development  from  this  base  is  also 
possible . 

The  diesel  engine  also  is  a good  candidate  for  hybrid  vehicle 
application.  Small  diesels  are  in  production  for  automotive  use 
and  presently  should  meet  all  requirements  except  possibly  engine 
life  at  50  to  80  percent  of  maximum  power.  Diesel  engines 
designed  for  long  life  in  truck  and  industrial  applications  are 
usually  heavier.  The  capabilities  of  the  smaller  lightweight 
automotive  diesels  are  not  known.  Derating  would  probably  be 
required  for  longer  engine  life. 

The  rotary  engine  lacks  any  obvious  advantages  over  the 
conventional  spark- ignition  and  diesel  engines  except  for  a 
potential  for  lower  weight  and  smaller  volume.  However,  this 
engine  is  not  readily  available  in  the  United  States. 

The  gas  turbine  and  Stirling  engines  both  show  good  potential 
for  meeting  future,  more  stringent  emission  standards  without 
efficiency  penalties?  but,  except  for  special  experimental 
applications  neither  engine  is  available  today. 

5.4  HYBRID  VEHICLE  PERFORMANCE  CHARACTERISTICS 

The  hybrid  vehicle  is  attractive  because  it  has  the  potential 
of  reducing  petroleum  consumption  and  emissions  below  that  of 
conventional  vehicles.  Its  impact  on  the  national  consumption  of 
petroleum  is  less  than  that  of  the  all-electric  vehicle?  however, 
hybrid  vehicle  performance  is  more  like  the  conventional  vehicle 
than  that  of  the  poorer  performing  electric  vehicle.  Furthermore, 
the  hybrid  vehicle  can  operate  as  an  all-electric  vehicle,  but  at 
the  lower  performance  levels. 
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5.4.X  Types  of  Hybrid  Vehicles  Reviewed 

Complete  descriptions,  photographs,  and  performance 
characteristics  for  18  hybrid  vehicles  are  listed  in  appendix  B. 
Two  vehicles  were  tested  as  part  of  this  study.  The  Federal  Test 
Procedure  for  emission  measurements  was  developed  for  conventional 
vehicles  and  the  ERDA  and  SAE  J227a  procedures  were  developed  for 
all-electric  vehicles.  Hybrid  vehicles  have  been  tested  to  either 
the  FTP  or  ERDA  electric  vehicle  procedure.  Neither  procedure  is 
satisfactory  though  because  a hybrid  vehicle  is  a vehicle  designed 
to  serve  as  a transition  between  the  conventional  and  the 
all-electric  vehicle.  Thus,  a new  test  procedure  is  required  that 
contains  some,  but  not  all,  of  the  requirements  of  both 
procedures. 

Only  those  hybrid  vehicles  are  reviewed  for  which  one  energy 
source  is  a petroleum-fueled  heat  engine  and  the  other  is  an 
external  source  of  electricity.  Most  of  the  vehicles  described 
herein  have  been  designed  to  reduce  emissions  without  penalizing 
driveabilty.  In  contrast  the  present  interest  in  hybrids  is  in 
reduced  on-board  petroleum  consumption. 

A factor  that  makes  comparison  difficult,  both  from  hybrid  to 
hybrid  and  from  hybrid  to  conventional  or  all-electric  vehicles, 
is  the  wide  variety  of  hybrid  designs.  The  18  vehicles  for  which 
test  data  and  other  information  have  been  collected  include 
passenger  cars,  vans,  and  buses  having  five  types  of  heat  engines 
and  four  types  of  transmissions;  they  also  employed  both  the 
series  and  parallel  configurations.  The  personal  and  commercial 
vehicles  are  described  in  table  5-2  and  the  buses  in  table  5-3. 

The  series  hybrid  vehicles,  8 of  which  are  listed  in  the 
tables,  are  usually  fairly  simple  designs.  Several  series  hybrids 
were  constructed  by  adding  a commercial  engine  electric  generator 
powered  by  a heat  engine  to  an  existing  electric  vehicle.  The 
additional  controls  were  not  complicated,  consisting  only  of  the 
speed  control  that  is  built  into  the  engine  and  a hand  throttle 
control  for  setting  maximum  power.  Electric  vehicles  can  be 
converted  to  series  hybrids  by  replacing  some  of  the  batteries 
with  an  engine  generator. 

The  parallel  hybrids,  10  of  which  are  listed  in  the  tables, 
are  more  complicated  than  the  series  hybrids.  They  require  a 
special  drive  train  - transmission  to  parallel  the  electric  motor 
and  heat  engine  and  a complex  control  system  to  control  their 
operation.  The  hardware  required  for  a parallel  system  is  not 
commercially  available  nor  are  the  experimental  vehicles  that  have 
been  built  ready  for  production.  Despite  these  disadvantages,  the 
development  of  parallel  hybrids  is  proceeding  because  they  offer 
the  potential  for  providing  greater  fuel  savings  and  a lighter 
system  than  the  series  hybrid  vehicle. 
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TRBIE  5-2.  - HYBRID  VEHIOE  CHARACTERISTICS 


Vehicle 

Type 

Manufacturer 

Vehicle 

Battery 

Hybrid 

Heat- 

Motor 

Transmission 

Of 

curb 

weight. 

type 

engine 

power. 

type 

passen- 

weight, 

kg 

type 

kW 

gers 

kg 



Stir-Dec  II 

f 

9 

Opel 

Kadctt 

General 

Maters 

1451 

227 

Series 

Stirling 

6 

Roller  fric- 
tion speed 

Research 

reducer 

Minicar 

1 

1 

eastern 

Minicars, 

Inc. 

1451 

290 

Parallel 

6-Cylinder 

SIE 

30 

3 Speed; 
automatic 

U.  of  W. 

Custan 

University  of 

1360 

— 

Parallel 

Rotary 

40 

Direct  drive 

ccrmuter 

car 

1 

| 

Wisconsin 

U.  of  F. 

m 

Datsun  510 

University  of 

1360 

136 

Series 

2-cylinder 

10 

Electric  1 

ccrmaiter 

* 

Florida 

SIE 

car 

KOrdesch 

1 

Austin  A40 

K.  Hordes ch 

1360 

181 

Series 

2-Cylindor 

SIE 

12 

4 Speed, 
manual 

Petro- 

Electrlc 

■ 

1972 

Buick 

Petro- 

Elcctric, 

2000 

136 

Parallel 

Rotary 

97 

3 Speed, 
manual 

Inc. 

TurElect 

5 

Custan 

TurElect 
to  tors 

1814 

181 

Series 

Gas 

turbine 

37 

4 Speed, 
manual 

Gould  hybrid 
pLkJtai  van 

- 

Van 

Gould  Lab- 
oratories 

1814 

196 

Para 

llel 

2-cylinder 

SIE 

19 

Continuously 

variable 

VW  hybrid 
taxi 

5 

Taxi 

Volkswagen 

2131 

284 

1.6-Liter 

SIE 

37 

Autcr 

rvatic 

Daihatsu 

- 

Truck 

Daihatsu 

2605 

420 

SIE 

— 

U/23L 

Daihatsu 

U72GL 

- 

Truck 

Daihatsu 

2700 

— 

2.53-Liter 

diesel 

60 

Tbyo  Kogyo 
EJC12S 

— 

Truck 

Itryo  Kogyo 

2410 

2.7-Liter 

diesel 

65 

■ranTf!  5-3.  - HYBRID  ELECTRIC  BUS  OPVPACTERIOTICS 


Vehicle 

Type 

Manufacturer 

Vehicle 

Battery 

Hybrid 

Heat  engine 

Engine 

Motor 

Transmission 

of 

curb 

weight, 

typo 

power. 

pewer, 

pis  sen- 

weight, 

kg 

kW 

lit 

gets 

kg 

Elektrcbu3 

0E3Q5 

100 

Diesel-battery 

Daimler-Benz 

19  000 

7000 

Series 

4-cylinder 

diesel 

75 

90 

Direct  drive 

Urban  transit 
bus 

21 

Diesel-battery 

thiversity  of 
Florida 

6 803 

1678 

Scries 

4-Cy  Under 
diesel 

45 

37 

Direct  drive 

Kawasaki  bus 

89 

Diesel-battery 

Kawasaki  Heavy 

10  147 

(a) 

Scries 

Diesel 

(a) 

(a) 

(a) 

Machinery  Co. 

Damier  line 
bus 

89 

Trolley-diesel 

Domicr  Systems 
Gr±h. 

(a) 

tb) 

Parallel 

6-cylindcr 

diesel 

147 

75 

Automatic 

Cornier 

articuln- 

152 

Troliey-dicsol 

Cornier  Systems 
G±h. 

(a) 

Cb> 

Parallel 

G-Cy Under 
diesel 

147 

90 

Automatic 

ted  bus 

Berlict 

ER100 

100 

Trolley-diesel 

Groupo  Renault 

9 100 

(a) 

Serins 

3-cylindcr 

diesel 

43 

110 

Direct  drive 

aln£0rmaLim  not  provided. 
*tot  applicable. 
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TABLE  5-4.  - RANGE  AND  ENERGY . CONSUMPTION  COMPARISON  OF  HKBRID  AND  CONVENTIONAL  VEHICLES 


fa)  pi  units 


vehicle 

Operating  mode 

Range, 

km 

Range 

test 

speed, 

km/h 

Energy  consumption 

Energy 
con- 
sumption 
test 
cycle; 
or  test 
speed/ 
km/h 

Conven- 
tional 
vehicle 
energy 
consump- 
tion at 
same  test 
conditions, 
km/liter 

km/liter 

kWh/km 

Stir-Lec  II 

Hybrid 

240 

50 

13  - 17 

50 

Battery  alone 

40 

50 

80 

15 

Minicar 

Hybrid 

5 

24 

6.2 

3.7 

50 

4.4 

5.3 

80 

5.4 

U.  of  Florida 

Hybrid 

290 

50 

9.8 

50 

commuter 

Battary  alone 

16 

50 

car 

Korda sch 

Hybrid 

... 

56 

34 

0.16 

56 

20 

Battery  alone 

37 

56 

— 

.23 

56 

20 

Petro- 

Hybrid 

483 

97 

4.5 

FTP8 

b7.7 

Electric 

8.4 

FHC° 

Urban  transit 

Hybrid 

3.1 

fd) 

1.7 

bus 

Gould  postal 

Hybrid 

7.2 

40 

8.3 

..van 

VW  taxi 

Normal  hybrid 

6.5 

.02 

FTP8 

7.1 

"On-off" 

10.0 

.IS 

FTP8 

hybrid 

fb)  U.S.  customary  units 


Vehicle 

Operating  mode 

Range, 

miles 

Range 

test 

speed, 

mph 

Energy  consumption 

Energy 
con- 
sumption 
tost 
cycle; 
or  teat 
speed, 
mph 

Conven- 
tional 
vehicle 
energy 
consump- 
tion at 
same  test 
conditions, 
mpg 

mpg 

kWh/mile 

Stir-Lec  II 

Hybrid 

150 

30 

30  - 40 

30 

Battery  alone 

25 

30 

50 

35 

Minicar 

Hybrid 

11.8 

15 

14.5 

8.8 

30 

10.3 

12.4 

50 

12.6 

U.  of  Florida 

Hybrid 

180 

.30 

23 

30 

commuter 

Battery  alone 

10 

30 

car 

Kordesch 

Hybrid 

35 

35 

80 

0.26 

35 

48 

Battery  alone 

23 

35 

. 36 

35 

49 

Petro- 

Hybrid 

300 

60 

10.7 

b18 

Electric 

19.8 

FHCc 

Urban  transit 

Hybrid 

7.2 

fd) 

4 

bus 

Gould  postal 

Hybrid 

16.9 

25 

19.5 

van 

VW  taxi 

Normal  hybrid 

15.4 

.03 

sS 

16.8 

"on-off 

23.6 

.24 

FTP 

hybrid 

fpederal  Test  Procedure* 
"At  08  km/h  (SS  mph). 
^Federal  Highway  Cycle, 
“special  bus  route. 
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Six  different  types  of  hybrid  urban  buses  have  been  built, 
and  several  are  in  operation  in  Europe  and  Japan.  The  operational 
experience  appears  to  be  successful?  as  a result,  several  hundred 
hybrid  buses  are  now  on  order  for  delivery  in  the  1978-1980  time 
period.  These  buses  are  powered  by  both  diesel  and  electric 
drives.  The  electric  source  is  either  batteries,  overhead  trolley 
wires,  or  both.  The  hybrid  concept  seems  to  offer  advantages  for 
urban  buses  because- of  buses'  stop-and-go  driving  patterns  and  the 
relative  ease  with  which  the  heavy,  bulky  drive  engine  and 
batteries  can  be  incorporated  in  a large  bus. 

5.4.2  Range  and  Energy  Economy 

Since  the  hybrid  carries  a heat  engine,  its  range  when  driven 
in  the  continuous-run  heat-engine  mode  is  usually  limited  only  by 
the  size  of  the  fuel  tank.  However,  the  range  when  driven  as  an 
all-electric  or  as  a hybrid  with  battery  depletion  is  limited  by 
the  capacity  of  the  battery.  Some  data  for  these  conditions  are 
listed  in  table  5-4. 

The  performance  with  regard  to  energy  economy  was  in  general 
comparable  to  that  of  the  conventional  automobile , but  the 
vehicles  were  designed  with  the  objective  of  emission  reduction 
rather  than  fuel  economy.  Also,  the  drive  train  components  are 
generally  available  units  not  developed  for  the  hybrid 
application,  and  very  little  optimization  or  development  was  done. 


TABLE  5-5.  - HYBRID  VEHICLE  PERFORMANCE 


Vehicle 

Acceleration 

Maximum 

speed, 

km/h 

0 to  50  km/h 

0 to  97  kn/h 

Accelerating  time,  s 

Stir-Lec  II 

8.5 

(a) 

100 

Minicar 

6 

23.2 

121 

U.  of  Wisconsin 
commuter  car 

5 

(a) 

100 

U.  of  Florida 
commuter  car 

8.5 

(a) 

105 

Kordesch 

15 

(a) 

100 

Petro-Electric 

(a) 

17.5 

130 

TurElec 

10 

(a) 

100 

Typical  conven- 
tional car 

5 

15 

(a) 

information  not  provided. 
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5,4. 3 Acceleration,  Maximum  Speed,  and  Gradeability 

Most  hybrid  passenger  cars  have  been  designed  to  have 
comparable  performance  to  a conventional  car.  They  can 
accelerate,  climb  hills,  pass  other  vehicles  at  high  speeds,  and 
operate  at  high  speeds  on  the  highways.  Table  5-5  is  a tabulation 
of.  accelerations  and  maximum  speeds  for  the  hybrid  sedans. 
Gradeability  data  were  not  available,  but  vehicles  with  high 
acceleration  rates,  usually  have  good  hill  climbing  capabilities. 
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APPENDIX  A 


ELECTRIC  VEHICLE  TRACK  TESTS 


Oovfnrman ce  tests  of  electric  vehicles  and  several 

In  this  appendix,  detailed  data  are  reported  for  testing  done 
since  January  22,  1977.  In  addition,  data  from  vehicle  test 
formed  for  ERDA  by  NASA  Lewis  m 1975  and  197b  are  xncx 
?refs.  2 and  3).  In  this  appendix  are  the  following  section  . 

(1)  VEHICLE  DESCRIPTIONS 

(2)  TEST  TRACK  DESCRIPTIONS 

(3)  VEHICLE  PREPARATION  AND  TEST  PROCEDURES 

(4)  DATA  ACQUISITION 

(5)  VEHICLE  TEST  RESULTS 

Vehicle  tests  were  conducted  in  accordance  with  the  Energy 
Research  and  Development  Administration's  Electric  and  Hybrid 
Vehicle  Test  and  Evaluation  Procedure,  ERDA-EHV-TEP , which  is 

S.' SMS-  fe.  21  £f  flAtVin,  th.se 

tests: 

(1)  Distance  traveled  (range)  f ^^^^in^cycles 

speed  and  also  over  prescribed  stop-and-go  driving  cy 

(2)  Energy  consumed  per  battery  ghar9®  f,tr,a°nabaieSspeed  and 
also  over  prescribed  stop-and-go  driving  cycl 

(3)  Power  required  to  propel  the  vehicle  as  a function  of 


vehicle  speed 

(4)  Energy  per  kilometer  consumed  by  the  vehicle  as  a 
function  of  vehicle  speed 

(5)  Acceleration  characteristics  of  the  vehicle 

(6)  Hill  climbing  ability  of  the  vehicle  as  a function  of 
vehicle  speed 

(7)  Braking  characteristics  of  the  vehicle  on  a dry  surface 
on  a straight  track  and  in  turns  on  dry  and  wet  surfaces, 
ability  of  the  vehicle  to  recover  from  wet  brakes,  and 
quality  of  parking  brakes 

For  several  of  the  vehicles,  the  measurements  taken  yielded 
battery  and  controller ^efficiencies  for  constant-speed  operation 
and  for  stop-and-go  driving  cycles. 

The  SAE  J227a  test  procedure  requires  that  the  electric 
vehicle  tests  be  conducted  on  a flat  test  track  (less  than  1 
percent  grade)  having  a hard  surface.  Because  the  vehicle  may 
travel  as  much  as  200  kilometers  (124  miles)  in  a single  test,  a 
closed  test  track  is  required.  The  test  tracks  at  the 
Transportation  Research  Center  at  West  Liberty,  Ohio,  the  Dana 
Corporation  at  Ottawa  Lake,  Michigan,  Dynamic  Science  at  Phoenix, 
Arizona,  and  the  Aberdeen  Proving  Ground  at  Aberdeen,  Maryland, 
were  selected  based  on  this  requirement.  Consideration  was  also 
given  to  the  availability  of  the  track,  the  availability  of 
qualified  personnel  at  the  track,  and  the  convenience  to  the 
testing  agency.  The  program  schedule  required  that  some  tests  be 
conducted  during  the  winter  months.  Because  tLe  SAE  J227a  test 
procedure  requires  that  the  ambient  temperature  .during  the  test  be 
between  4°  and  32°  C (40°  and  90°  F) , the  Dynamic  Science  test 
track  was  used  for  tests  performed  between  January  and  May  1977. 

VEHICLE  DESCRIPTIONS 

The  vehicle  descriptions  that  follow  include  all  of  the 
electric  vehicles  which  were  tested  during  1975  to  1977  by  NASA 
Lewis*  NASA  JPL,  MERADCOM,  and  the  Department  of  Defence  of  the 
Canadian  Government.  Table  A-l  lists  the  vehicles  in  alphabetical 
order  by  manufacturer.  A data  sheet  and  a photograph  for  most 
vehicles  are  included  following  the  table.  The  data  sheet 
contains  a brief  description  of  the  vehicle  and  a tabulation  of 
significant  vehicle  characteristics.  The  information  tabulated 
has  been  gathered ^either  from  manufacturers1  data  or  from 
measurements  obtained  by  the  testing  agency.  In  most  cases  the 
vehicles  were  either  purchased  or  leased  from  the  manufacturer. 
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TABLE  A-l.  - SUMMARY  OP  VEHICLES  TESTED  - BY  MANUFACTURER  AND  CURB  WEIGHT 


Manufacturer 

Vehicle 

Typ 

ea 

Curb  weight 

kg 

lbm 

AM  General  Corp. 

DJ-5E  Electruck 

C 

1644 

3624 

Battronic  Truck  Corp. 

Minivan 

c 

2690 

5930 

Copper  Development  Association" 

Town  Car 

p 

1406 

3100 

Daihatsu  Motor  Co.,  Ltd. 

EH-S40  van 

c 

923 

2035 

Electric  Passenger  Cars,  Inc. 

Hummingbird 

£ 

1191 

2625 

Electric  Vehicle  Associates,  Inc. 

Contactor 

1 

1429 

3150 

Electric  Vehicle  Associates,  Inc. 

Metro 

1429 

3150 

Electric  Vehicle  Associates,  Inc. 

Pacer 

1 

1810 

3990 

Fiat 

850  T van 

c 

« 

1510 

3330 

Jet  Industries,  Ltd. 

Electra  Van 

1134 

2500 

(Mod  I) 

Electra  Van 

1216 

2680 

(Mod  II) 

Lucas  Industries,  Ltd. 

Limousine 

2774 

6116 

Marathon  Electric  Vehicles,  Ltd. 

C-300 

1179 

2600 

Otis  Elevator  Co. 

P-500 

1642 

3620 

Power-Train,  Inc. 

Van 

1946 

4290 

Wally  E.  Rippel 

Ripp-Electric 

p 

1313 

2900 

Sebring- Vanguard,  Inc. 

CitiCar 

p 

590 

1300 

Sebring-Vanguard,  Inc. 

CitiVan 

c 

660 

1455 

Volkswagen  Werk  AG 

Transporter 

c 

2268 

5000 

C.  H.  Waterman  Industries 

DAF 

p 

1225 

2700 

C.  H.  Waterman  Industries 

Renault  5 

p 

1170 

2580 

Zagato  International  S.A. 

Elcar 

p 

553 

1220 

?c  denotes  commercial  vehicle;  l?  denotes  personal  vehicle. 
"Built  fbr  CDA  by  Triad  Services,  Inc. 
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AM  GENERAL  DJ-5E  ELECTRUCK 


AM  General  Corp. 
South  Bend,  Indiana 


The  Eleciruck  is  a 1/4-ton  jeep  vehicle  designed  originally  for  pos- 
tal delivery  routes.  Three  hundred  and  fifty  of  the  vehicles  were 
built  and  delivered  to  the  USPS.  The  internal  combustion  engine 
components  have  been  replaced  by  Gould,  Inc. , designed  and  manufac- 
tured electric  motor,  controller,  and  battery.  The  vehicle  has  one 
bucket  seat  for  a driver  aiid  can  carry  an  additional  249-kg  (550-lbm) 
payload.  The  14.9-kW  (20-hp)  DC  compound-wound  motor  is  coupled  di- 
rectly to  the  rear  axle  shaft.  A single-module  battery  and  SCR 
controller  are  located  under  the  front  hood.  The  vehicle  has  regen- 
erative braking  at  speeds  above  about  24  km/h  (15  mph) . 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Traction : 

Manufacturer 

Type 

Voltage 

Weight 


3.45  m (136  in.) 
1.60  m (63.2  in. ) 
1.79  m (70.5  in.) 
2.5  m2  (27  ft2) 
1644  kg  (3624  Ibm) 
1959  kg  (4319  Ibm) 
2.0  m (81.0  in.) 


Gould , Inc . 

Lead  acid?  single  module 
54  V 

590  kg  (1300  Ibm) 


Accessory: 

Manufacturer 

Weight 


Gould,  Inc. 

20.4  kg  (45  Ibm) 


Controller  Gould,  Inc. , SCR  chopper 


Transmission  None 


Wheels  Tires 

Tire  pressure: 
Eront 
Rear 

Rolling  radius 


CR78-15  (radial) 

248  kPa  (36  psi) 

221  kPa  (32  psi) 
0.319  m (12.56  in. ) 


Charger 


Manufacturer 

Type 

Weight 

Input  voltage 


Motor 


Manufacturer 

Type 

Rating 


Gould,  Inc. 

Off  board 
68  kg  (150  Ibm) 
240/480  V?  20/10  A? 
single  phase 

Gould , Inc . 
Compound  DC 
14.9  kW  (20  hp) 
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AM  General  DJ-5E  Electruck 
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BATTEONIC*  MINIVAN 

Battronic  Truck  Corp. 
Boyertown,  Pennsylvania 


The  Minivan  is  a small  delivery  van  with  6.4  m3  (227  ft3)  of  cargo 
space.  The  van  is  similar  in  construction  to  vans  manufactured  by 
the  parent  company r Boyertown  Auto  Body  Works.  Sliding  doors  allow 
access  to  the  driver- and-passenger  compartment.  A large  hinged 
door  at  the  rear  provides  a wide  opening  for  loading  cargo.  The 
SGR  controller  is  located  under  the  front  hood  for  easy  access  to 
the  control  components.-  The  battery  consists  of  two  heavy-duty 
industrial- type  modules  that  are  removable  through  access  doors  at 
each  side  of  the  vehicle.  The  batteries  can  be  removed  with  a fork- 
lift truck  or  with  a special  lift  available  from  the  manufacturer. 
Access  doors  inside  the  vehicle  allow  for  inspection  and  servicing 
of  the  battery.  This  vehicle  does  not  have  regenerative  braking. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


3.68  m (145  in.) 
1*98  m (78  in.) 
2.27  m (89-5  in.) 
3.9  m2  (42  ft2) 
2960  kg  (5930  lbm) 
2858  kg  (6300  lbm) 
2.59  m (102  in.) 


Batteries 


Tractions 

Manufacturer 

Type 

Voltage 

Weight 


General  Battery  Corp. 

56-EV-331 

112  V 

1043  kg  (2300  lbm) 


Controller 


Accessory: 

Manufacturer 

Type 


General  Battery  Corp. 
12-V  SLI?  94  Ah 


General  Electric  Co.  510R  SCR  chopper  with  bypass? 
current  rating,  500  A 


Transmission  None?  vehicle  has  two-speed  gearbox  - 1:1  and  1:1.96 


Wheels 


Charger 


Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 

Manufacturer 

Type 

Input  voltage 


Firestone  6.70-15  (bias) 

310  kPa  (45  psi) 

310  kPa  (45  psi) 


C&D  Batteries  Div.,  Eltra 
Corp.  EV  112  A/C30 
On  board 

120/208/240  V AC?  30/15/15  A 


Motor 


Manufacturer 

Type 

Rating 


General  Electric  Co. 
5 BT  23*7606 
31  kW  (42  hp) 
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CDA  TOWN  CAR 

Triad  Services,  Inc. 

Dearborn,  Michigan 

The  Copper  Development  .Association  Town  Car  is  an  experimental 
two-passengfer  car  of  the  "hatchback"  design.  The  compact  car's 
electric  drive  train  features  front-wheel  drive,  a low-loss 
spiral-bevel-gear  differential,  a separately  excited  field  motor, 
ana  a central  battery  tunnel  that  doubles  as  the  structural  back- 
bone of  the  car.  The  motor  speed  control  system  uses  a combina- 
tion of  techniques  - series  resistors  at  very  low  speed,  two  bat- 
tery voltage  ranges  (54  and  108  V) , and  motor  field  control.  The 
vehicle  has  regenerative  braking. 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Test  weight 
Wheel  base 

Traction  (for  test  only) 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 

Type 

Weight 

Field  control: 

Type 

Weight 


3.68  m (145  in.) 
1.52  m (60.0  in.) 
1.38  m (54.5  in.) 
Not  available 
1406  kg  (3100  lb) 
1569  kg  (3460  lbm) 
1619  kg  (3570  lbm) 
2.03  m (80.0  in.) 


• 

ESP  Incorporated 
EV-106?  eighteen  6 V 
108  V 

531  kg  (1170  lbm) 


Two  6-V  motorcycle 
5.4  kg  (12  lbm) 


Three  12-V  Lucas  in  a 3 6-V 
series 

34  kg  (75  lbm) 


Controller  Combination  of  series  resistance  (at  very  low  speed) , 

two-voltage  battery  switching  (54  and  108  V) , and 
motor  field  control;  designed  and  built  by  Triad 
Services,  Xnc. 


Transmission  None?  has  chain  drive  from  motor  to  axle  differential 

with  front-wheel  drive 


Wheels  Tires  Front  - Michelin  145SR13 

(radial) 

Rear  - Firestone  BR78-13 
(radial) 
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DAIHATSU  EH-S 40  VAN 

-Daihatsu  Motor  Co.,  Ltd. 

Xkeda-cityy  Osaka,  Japan 

The  Daihatsu  van  is  an  electric  delivery  truck  capable  of  carrying 
two  passengers  plus  200  kg  (440  lbmj  of  cargo.  The  -eight7  12-volt 
batteries  are  located  under  the  cargo  area.  Battery  water  can  be 
added  by  means  of  a unique  replenishing  system.  The  vehicle  has 
regenerative  braking. 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Tractions 

Manufacturer 

Type 

Voltage 

Weight 


3.09  m (122  in.) 
1.29  m (51  in.) 
1.58  m (62  in.) 
1.85  m2  (19.9  ft2) 
923  kg  (2035  Ibm) 
1224  kg  (2700  lbm) 
1.68  in  (66  in.) 


Yuasa  Battery  Co • , Ltd . 
Eight  12  V 
96  V 

256  kg  (564  lbm) 


Accessory: 

Manufacturer 

Weight 

Controller  Transistor  chopper 


Yuasa  Battery  Co.,  Ltd. 
8 kg  (17.6  lbm) 


Transmission  4 Speed?  manual 


Wheels 


Charger 


Tires 

Tire  pressure: 
Front 
Hear 

Rolling  radius 

Manufacturer 

Type 

Input  voltage 
Weight 


5.00-10--4PR  (bias) 

235  kPa  (34  psi) 

235  kPa  (34  psi) 

0.244  m (9.6  in. ) 

Yuasa  Battery  Co.,  Ltd. 
Off  board 
220  V?  three  phase 
128  kg  (282  lbm) 


Motor  Manufacturer 

Type 

Rating  (5  min) 
Weight 


Tokyo  Shibaura  Electric  Co. , 
Ltd. 

Shunt  DO 
18  kW  (24.1  hp) 

55  kg  (121  lbm) 
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330  kPa  (48  psi) 
330  kPa  (48  psi) 


Tire  pressure: 

Front 
Rear 

Charger  Not  supplied  by  vehicle  manufacturer 


Motor 


Manufacturer 

Type 

Rating 

Weight 


Eaton  Corp.  (modified) 
Separately  excited  DC 
Not  available 
132  kg  (290  lbm) 


Daihatsu  EH-540  van  (U.  S.  Army  photograph) 
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EPC  HUMMINGBIRD 


Electric  Passenger  Cars,  Inc* 
San  Diego,  California 


She  Hummingbird  is  a converted  four- passenger  Volkswagen  Thing  pow- 
ered by  12  heavy-duty  batteries*  The  rear-mounted  internal  combus- 
tion engine  has  been  replaced  v-th  a modified  aircraft  generator 
used  as  a motor*  The  motor  shaft  is  connected  to  the  drive  train 
by  a conventional  four-speed  manual  transmission  and  a clutch.  The 
controller  is  a transistor  chopper  with  current  limiting  and  ther- 
mal overload ^ protection.  The  braking  system  is  a conventional  hy- 
draulic braking  system.  Regenerative  braking  is  not  provided. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


3.78  m (1.49  in* ) 
1. 64  m (64.5  in. ) 
1.4m  (55  in. ) 

1.78  m2  (19.2  ft2) 
1191  kg  (2625  Ibm) 
1463  kg  (3225  lbm) 
2.39  m (94.0  in.) 


Batteries  Traction: 

Manufacturer 

Type 

Voltage 

Weight 

Accessory: 

Manufacturer 

Type 


Trojan  Battery  Co. 
Model  217?  twelve  6 V 
72  V 

359  kg  (792  lbm) 


Not  available 
12-V  SLI 


Controller  EVC  500-72  transistor  chopper 


Transmission  4 Speed?  manual 

Wheels  Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 


Goodrich  185SR14  (radial) 

276  kPa  (40  psi) 

276  kPa  (40  psi) 

0.317  m (12.5  in.) 


Charger 


Manufacturer 


Type 

Weight 

Input  voltage 


Lester  Equipment  Manufac- 
turing Co. 

Off  board 

34.5  kg  (76.0  lbm) 

230/208  V AC 


Motor 

Type 

Rating 

Modified  aircraft  generator? 

series  DC 
7.5  kW  (10  hp) 
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EVA  CONTACTOR 


Electric  Vehicle  Associates,  Inc. 

Valley  View,  Ohio 

The  contactor  version  of  the  EVA  Metro  sedan  is  a conversion  of  the 
Renault  12  vehicle.  The  contactor  version  uses  a battery  switching 
scheme  in  which  throttle- operated  switches  control  battery  switching 
contactors  to  provide  four  levels  of  battery  voltage  to  the  motor 
armature.  The  four  levels  of  battery  voltage  (24,  48,  72,  and  96  V) 
are  determined  by  the  various  combinations  of  series  and  parallel 
configurations  of  the  sixteen  6-volt  batteries.  A separate  field 
control  scheme  weakens  or  boosts  the  field  voltage  depending  on  load 
conditions.  The  vehicle  has  regenerative  braking. 


Size  and 

Length 

4.42  m (174  in.) 

weight 

Width 

1.64  m (64.5  in.) 

Height 

1.44  m (56.6  in.) 

Projected  frontal  area  1.86  m2  (20  ft2) 

Curb  weight 

1429  kg  (3150  lbm) 

Gross  vehicle  weight 

1701  kg  (3750  lbm) 

Wheel  base 

2.44  m (96.0  in.) 

Batteries 

Traction : 

Manufacturer 

ESB  Incorporated 

Type 

EV-106?  sixteen  6 V 

Voltage 

96  V 

Weight 

Accessory: 

472  kg  (1040  lbm) 

Type 

Two  12-V  SLI 

Weight 

Approx.  45  kg  (100  lbm) 

Controller 

Multistep  contactor; 

field  control 

Transmission 

Automatic  with  torque 

converter 

Wheels 

Tires 

Tire  pressure: 

Michelin  155R13  (radial) 

Front 

221  kPa  (32  psi) 

Rear 

221  kPa  (32  psi) 

Rolling  radius 

0.28  m (11.02  in.) 

Charger 

Manufacturer 

EVA,  Inc. 

Type 

On  board 

Weight 

11  kg  (25  lbm) 

Input  voltage 

220  V;  single  phase 

Motor 

Type 

Separately  excited  DC 

Rating 

7.5  kW  (10  hp) 
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EVA  Contactor 


EVA  METRO  SEDAN 

Electric  Vehicle  Associates,  Inc. 

Valley  View,  Ohio 

The  EVA  Metro  sedan  is  a four-passenger,  four-door  sedan  converted 
to  electric  drive  from  a gasoline-powered  Renault  12  vehicle.  The 
conversion  is  somewhat  unusual  in  that  the  manufacturer  (EVA)  chose 
to  retain  the  entire  stock  drive  train  except  for  the  gasoline  en- 
gine, The  electric  motor  drives  the  front  wheels  through  the  ori- 
ginal equipment  torque  converter  and  automatic  transaxle.  The  ve- 
hicle does  not  have  regenerative  braking. 


Size  and 

Length 

4.42  m (174  in.) 

weight 

Width 

1.64  m (64.5  in.) 

Height 

1. 44  m (56.6  in. ) 

Project  frontal  area 

1.86  m2  (20  ft2) 

Curb  weight 

a1429  kg  (3150  Ibm) 

Gross  vehicle  weight 

a17Ql  kg  (3750  Ibm) 

Wheel  base 

2.44  m (96.0  in.) 

Batteries 

Traction  s 

Manufacturer 

ESB  Incorporated 

Type 

EV-106?  sixteen  6 V 

Voltage 

96  V 

Weight 

Accessory: 

472  kg  (1040  Ibm) 

Type 

TWO  12-V  SLI 

Weight 

Approx.  45  kg  (100  Ibm) 

Controller 

’'Cableform,  Inc.,  SCR  chopper 

Transmission 

Automatic  with  torque 

converter 

Wheels 

Tires 

Tire  pressure: 

Michelin  155R13  (radial) 

Front 

220  kPa  (32  psi) 

Rear 

220  kPa  (32  psi) 
0.28  m (11.02  in.) 

Rolling  radius 

Charger 

Manufacturer 

EVA,  Inc. 

Type 

On  board 

Weight 

11  kg  (25  Ibm) 

Input  voltage 

110/220  V?  single  phase 

Motor 

Type 

Series  DC 

Rating 

10  kW  (13.4  hp) 

Weight 

73  kg  (162  Ibm) 

aThese  weights  # apply  to  vehicle  tested  by  NASA  Lewis  in  1975  and 
1976-  Curb  weight  and  gross  vehicle  weight  of  vehicle  tested  by 
MERADCOM  were  1524  kg  (3360  Ibm)  and  1741  kg  (3840  Ibm) , respec- 
tively. 
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EVA  PACER 

Electric  Vehicle  Associates,  Inc. 

Valley  View,  Ohio 

The  EVA  Pacer  is  a conversion  o£  a standard  American  Motors  Corp, 
Pacer.  The  Pacer  is  a small,  four-passenger  sedan.  The  battery 
pack  is  split  between  the  front  and  rear  of  the  vehicle.  Eight 
6-volt  batteries  are  located  under  the  hood,  and  twelve  6-volt  bat- 
teries are  located  under  the  rear  cargo  area.  Additional  leaves 
were  added  to  rear  springs  to  take  the  added  weight.  The  vehicle 
is  equipped  with  a four-speed  manual  transmission.-  The  vehicle  has 
regenerative  braking. 

Size  and  Length 

weight  Width 

Height 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Batteries  Traction: 

Manufacturer 
Type 
Voltage 
Weight 

Accessory: 

Type 
Weight 


4.36  m (171.5  in.) 
1.96  m (77.0  in. ) 

1.36  m (53.6  in.) 
1810  kg  (3990  lbm) 
2090  kg  (4600  lbm) 
2.54  m (100  in. ) 


Globe-Union , Inc . 
GC-219;  twenty  6 V 
120  V 

636  kg  (1400  lbm) 


12-V  SLI 

8.2  kg  (18  lbm) 


Controller 

Cableform,  Inc. , 

SCR  chopper 

Transmission 

.4  Speed;  manual 

Wheels 

Tires 

Tire  pressure: 

Goodyear  DR78-14  (radial) 

Front 

221  kPa  (32  psi) 
221  kPa  (32  psi) 

Rear 

Charger 

Manufacturer 

EVA , Inc . 

Type 

On  board 

Weight 

2.3  kg  (5  lbm) 

Input  voltage 

110  V;  single  phase 

Motor 

Manufacturer 

Baker  Industrial  Truck 
Div.,  Otis  Elevator  Co. 

Type 

Series  DC 

Rating 

14.9  kW  (20  hp) 
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EVA  Pacer 
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FIAT  850  T VAN 


\\  Fiat 

Torino,  Italy 

The  Fiat  van  is  a conversion  of  a production  Fiat  850  T internal 
combustion  engine,  vehicle.  The  batteries  are  located  on  a pallet 
under  the  rear  cargo  area  and  can  be  removed  by  lowering  the  battery 
pallet  to  the  floor  by  means  of  a unique  hydraulic  lift.  The  bat- 
tery .has  a one-point  watering  system.  A bench  seat  provides  seating 
for  a driver  and  one  passenger.  The  vehicle  has  regenerative  brak- 
ing... r-:. 


Size  and 
weight 


Batteries 


Controller 

(Fiat) 


Length 

Width 

Height 

Projected  frontal  area 

Curb  weight 

Gross  vehicle  weight 

Traction: 

Manufacturer 

Type 

Voltage 

Weight 

Accessory  type 


3.7  m (146  in.) 

1.5  m (59  in.) 

1.9  m j(TS  in.) 

2.14  m2  (2,3  ft2) 
1510  kg  (3330  lbm) 
1950  kg  (4300  lbm) 


Fabbrica  Italiana  Magneti 
Marelli 

6TS17T;  twelve  12  V 
144  V 

460  kg  (1014  lbm) 


12-V  SLI 


Armature : SCR  chopper 

Field:  transistor  chopper 


Transmission  None 


Wheels 


Charger 


Motor 


Tires 

Tire  pressure: 

Front 

Rear 

Rolling  radius 

Manufacturer 

Type 

Size  (height  x width 
x length) 

Manufacturer 

Type 

Rating 

Weight 


Firestone  5.60-12  (radial) 

290  kPa  (42  psi) 

310  kPa  (45  psi) 

0.272  m (10.7  in.) 

Not  available 
Off  board 

0.96  m x 0.64  m x 0.76  m 
(38,  in.  x 25  in.  x 30  in.) 


Fiat 

DC  separately  excited 
14  kW  (18.8  hp) 

55  kg  (121  lbm) 
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JET  INDUSTRIES  ELECTRA  VAN  (MOD  I) 

(tested  by  NASA  Lewis) 

Jet  Industries,  Ltd. 

Austin,  Texas 

The  Jet  Industries  Electra  Van  is  a converted  Sabaru  minivan  in  the 
225-kg  (500-lbm)  payload  class.  The  compact  vehicle  has  bench  seat- 
ing in ^ front  for  a driver  and  one  passenger.  There  is  seating 
space  in  the  rear  over  the  battery  box  for  two  additional  passen- 
gers, or  the  rear  seat  back  can  be  removed  to  use  the  full  load 
space  for  cargo*  The  vehicle  does  not_ have  regenerative  braking. 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 

Curb  weight 

Gross  vehicle  weight 

Tractions 

Manufacturer 

Type 

Voltage 

Weight 

Accessory  type 


3.10  m (122  in.) 
1.30  m (51.0  in.) 
1.61  m (63.5  in.) 
1.71  irr  (18.4  ft*) 
1134  kg  (2500  tom) 
1428  kg  (3150  lbm) 


ESB  Incorporated 
EV-106?  fourteen  6 V 
84  V 

413  kg  (910  lbm) 

12-V  SLI 


Controller 


Cableform,  Inc.,  SCR  chopper 


Transmission  4 Speed?  manual 

Wheels  Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 


Bridgestone  5.00-10  (bias) 

280  kPa  (40  psi) 

290  kPa  (42  psi) 

0.244  m (9.6  in.) 


Charger  Manufacturer 

Type 
Weight 

Input  voltage 


Jet  Industries,  Ltd, 
On  board 
20  kg  (44  lbm) 

110  V?  single  phase 


Motor  Manufacturer 

Type 
Rating 
Weight 


Baldor  Electric  Co. 

Series  DC 

7.5  kW  (10  hp) 

76.2  kg  (168  lbm) 
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JET  INDUSTRIES  ELECTRA  VAN  (MOD  II) 
(tested  by  MERADCOM) 


Jet  Industries,  Ltd. 
Austin,  Texas 


The  Jet  Industries  Electra  Van  is  a converted  Sabaru  minivan  in  the 
225~kg  (500-lbm)  payload  class.  The  compact  vehicle  has  bench  seat- 
ing in  front  for  a driver  and  one  passenger.  There  is  seating 
space  in  the  rear  over  the  battery  box  for  two  additional  passen- 
gers, or  the  rear  seat  back  can  be  removed  to  use  the  full  load 
space  for  cargo. 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 

Curb  weight 

Gross  vehicle  weight 

Traction : 

Manufacturer 

Type 

Voltage 

Weight 

Accessory  type 


3.10  m (122  in.) 
1.30  m (51.0  in.) 
1.61  m (63.5  in.) 
1.71  m2  (18.4  ft2) 
1216  kg  (2680  Ibm) 
1474  kg  (3250  Ibm) 


Exide  Corp.# 

EV-106?  eighteen  6 V 
108  V 

531  kg  (1170  Ibm) 
12-V  STjI 


Controller  Cableform,  Inc.,  SCR  chopper 


Transmission  4 Speed?  manual 

Wheels  Tires 

Tire  pressure; 
Front 
Rear 

Rolling  radius 


Pirelli  155SR12  (radial) 

280  kPa  (40  psi) 

290  kPa  (42  psi) 

0.244  m (9.6  in.) 


Charger  Manufacturer 

Type 

Weight 

Input  voltage 


Lester  Equipment  Manufac- 
turing Co. 

Off  board 
70  kg  (154  Ibm) 

110  V?  single  phase 


Motor  Manufacturer 

Type 
Rating 
Weight 


Baldor  Electric  Co. 
Series  DC 
12  kW  (16  hp) 

76.2  kg  (168  Ibm) 
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Jet  Industries  Electra  Van 


LUCAS  LIMOUSINE 


Lucas  Industries,  Ltd. 
Birmingham,  England 


The  Lucas  limousine  is  described  by  the  manufacturer  as  a luxury 
executive  personnel  carrier."  The  vehicle  is  a converted  Bedford 
van  and  accommodates  seven  passengers  plus  a driver.  The  front 
passenger  seat  is  on  a locking  swivel  base  that  allows  the  occupant 
to  sit  facing  the  other  passengers.  Luggage  and  storage  space  is 
provided,  thereby  giving  a total  payload  capabilicy  of  720  kg  (1537 
Ibm)  . The  vehicle  is  powered  by  a 37-kW  (50-bhp)  DC  motor.  A two 
stage  chain  reduction  drives  the  rear  wheels  through  a conventional 
differential  gear  and  fully  floating  half  shafts.  The  SCR  chopper 
controller  is  mounted  at  the  front  of  the  vehicle.  The  vehicle  has 
regenerative  braking. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


4.27  m (168  in.) 
2.02  m (79.5  in.) 
2.18  m (86  in.) 
3.44  m2  (37  ft2) 
2774  kg  (6116  lbm) 
3493  kg  (7700  lbm) 
2.69  m (106  in.) 


Batteries 


Tractions 

Manufacturer 

Type 

Voltage 

Weight 


Lucas  industries.  Ltd. 
EV-4;  130  Ah 
216  V 

898  kg  (1980  lbm) 


Accessory: 

Type  12-V  SLI 

Weight  19.5  kg  (43  lbm) 


Controller  Lucas  SCR  chopper 

Transmission  None?  uses  two-stage  Morse  Hy-Vo  chain  reduction 


Wheels 


Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 


205R14  (radial) 

450  kPa  (65  psi) 
517  kPa  (75  psi) 
0.343  m (13.5  in.) 


Charger  Manufacturer 

Type 
Weight 

Input  voltage 


Lucas  industries,  Ltd. 

Off  board 

120  kg  (264  lbm) 

240  V?  single  phase 


Motor 


Manufacturer 

Type 

Rating 


Lucas  Industries,  Ltd. 

Series  DC 

37.3  kW  (50  hp) 
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MARATHON  MODEL  C-300 


Marathon  Electric  Vehicles,  Ltd. 
Montreal,  Quebec 


The  Marathon  is  a small  two-passenger  vehicle  designed  for  multiple 
industrial  applications,  personal  urban  transportation,  municipali- 
ties, and  leisure  complexes.  The  vehicle  has  a steel  body  with 
either  a steel  or  canvas  top.  The  vehicle’s  payload  capacity  is 
454  kg  (1000  Ibm)  including  the  two  passengers.  The  vehicle  does 
not  have  regenerative  braking. 


Size  and 
weight 


Batteries 

(traction) 


Controller 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Manufacturer 

Type 

Voltage 

Weight 

Contactor 


3.84  m (151  in.) 
1.52  m (60  in.) 
1.37  m (54  in.) 

1.8  m2  (20  ft2) 
1179  kg  (2600  Ibm) 
1633  kg  (3600  Ibm) 
2.44  m (96  in.) 

ESB  Incorporated 
EV-106;  twelve  6 V 
72  V 

354  kg  (780  Ibm) 


Transmission  4 Speed;  manual 

Wheels  Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 

Charger  Manufacturer 

Type 

Weight 

Input  voltage 


Michelin  145SR13ZX  (radial) 

165  kPa  (24  psi) 

275  kPa  (40  psi) 

0.24  m (9.3  in.) 

Lester  Equipment  Manufac- 
turing Co. 

On  board  (model  8714) 

12.2  kg  (27  Ibm) 

120  V;  single  phase 


Motor  Manufacturer 

Type 
Rating 


Baldor  Electric  Co. 
Series  DC 
6 kW  (8  hp) 
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OTIS  P-500  UTILITY  VAN 


Otis  Elevator  Co. 
Compton,  California 


The  Otis  P-500  utility  van  is  a small  delivery  vehicle  designed 
"from  the  ground  up."  It  was  a limited  production  model,  no  longer 
being  produced.  The  vehicle  will  carry  a 340-kg  (750— lbm)  load. 
The  traction  batteries  are  located  under  the  floorboard  of  the  car- 
go space.  The  traction  motor  is  located  under  the  driver  and  pas- 
senger seats.  The  SCR  controller  components  are  located  m the 
same  compartment.  This  vehicle  does  not  have  regenerative  braking. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Test  weight 
Wheel  base 


3.51  m (138.0  in.) 
1.57  m (62.0  in. ) 
1.88  m (74.2  in.) 
2.8  m2  (30  ft2) 
1642  kg  (3620  lbm) 
1905  kg  (4200  lbm) 
2016  kg  (4445  lbm) 
2.44  m (96.0  in.) 


Batteries 


Controller 


Traction : 

Manufacturer 

Type 

Voltage 

Weight 

Accessory  type 
General  Electric  Co. 


ESB  Incorporated 
EV-106?  sixteen  6 V 
96  V 

471  kg  (1040  lbm) 
12-V  SLI 

SCR  chopper  with  bypass 


Transmission 

Wheels 

Charger 

Motor 


None 

Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 

Manufacturer 

Type 

Input  voltage 

Manufacturer 

Type 

Rating 


Uniroyal  175SR13  (radial) 

220  kPa  (32  psi) 

220  kPa  (32  psi) 

0.295  m (11.6  in.) 

Lester  Equipment  Manufac- 
turing Co. 

Off  board 

208  V;  single  phase 

Otis  Elevator  Co. 

Series  DC 
22.4  kW  (30  hp) 
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POWER-TRAIN  VAN 


Power-Train,  Inc. 

Salt  Lake  City,  Utah 

The.  Power-Train  vehicle  is  an  early  Otis  van  in  which  Power-Train 
has  modified  the  drive  train  to  add  a unique  hydraulic  regeneratxv 
hrakinc  svstem.  Braking  energy  is  stored  in  a hydraulic  accumulator 
bv  me^s  of  a hydraulic  pump  Ind  is  then  used  to  accelerate  the  ve- 
hicle by  porting  the  high-pressure  fluid  back  through  the  pump, 
which  now  acts  as  a motor • 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


3.51  m (138.0  in.) 
1.57  m (62.0  in.) 
1.88  m (74.2  in.) 
2.8  m2  (30  ft2) 
1946  kg  (4290  lbm) 
2286  kg  (5040  lbm) 


O /t  /t  m / n 


Batteries 


Controller 


Traction : 

Manufacturer 

Type 

Voltage 

Weight 

Accessory  type 
General  Electric  Co. 


Trojan  Battery  Co. 
Model  244?  sixteen  6 V 
96  V 

530  kg  (1168  lbm) 

12-V  SLI 

chopper  with  bypass 


Transmission 

Wheels 

Charger 


None 

Tires 

Tire  pressure: 
Front 
Rear 

Manufacturer 

Type 

Input  voltage 


Uniroyal  175SR13  (radial) 

220  kPa  (32  psi) 

220  kPa  (32  psi) 

Lester  Equipment  Manufac- 
turing Co. 

Off  board 

208  V?  single  phase 


Motor 


Manufacturer 

Type 

Rating 


Otis  Elevator  Co. 

Series  DC 

22.4  kW  (30  hp) 
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RIPP-ELECTRIC 


Wally  E.  Rippel 
Sierra  Madre,  California 


The  Ripp-Electric  is  a ^^^o^vehicle^  Th^ clutch , °f our- speed 
electric  drive  from  a Datsun  1 oriainal  vehicle  were  retained. 

The" controller3 is  ftransLtor  chopper  with  regenerative  braking. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Test  weight 
Wheel  base 


3.84  m (151  in.)  . 

\pprox.  1.50  m (59.0  in.) 
1.40  m (55.0  in.) 

1.7  m2  (18  ft2) 

1313  kg  (2894  lbm) 

1585  kg  (3494  lbm) 

1491  kg  (3288  lbm) 


Batteries  Manufacturer 

(traction)  Type 

Voltage 

Weight 


ESB  Incorporated 
EV-106?  twenty  6 V 
120  V 

590  kg  (1300  lbm) 


Controller  Transistor  chopper  with  regenerative  braking 


Transmission  4 Speed;  manual 

Wheels  Tires 

Tire  pressure; 
Front 
Rear 

Rolling  radius 


165SR13  (radial) 

210  kPa  (30  psi) 
280  kPa  (40  psi) 
0.290  m (11.4  in.) 


Charger 


Motor 


Manufacturer 

Type 

Weight 

Input  voltage 

Manufacturer 

Type 

Rating 

Weight 


W.  Rippel 
On  board 
Not  available 
115  V 

Baker  Industrial  Truck  Div. , 
Otis  Elevator  Co. 

Series  DC 
14.9  kW  (20  hp) 

93.0  kg  (205  lbm) 
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SEBRING- VANGUARD  CITICAR 


Sebring- Vanguard , Inc . 
Sebring,  Florida 


The  CitiCar  is  a small  two-passenger  vehicle  intended  for  general 
passenger  and  delivery  service  in  a low-speed  city  driving  pattern. 
The  vehicle  uses  a welded-aluminum  roll  cage  construction  with  a 
plastic  body.  The  eight  propulsion  batteries  are  located  under  the 
seats.  The  test  vehicle  was  a mid-1976  production  model. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


2.39  m (94  in.) 

1.39  m (54.8  in.) 
1.51  m (59.5  in. 1 
1.59  m2  (17.1  ftz) 
590  kg  (1300  Ibm) 
794  kg  (1750  lbm) 
1.66  m (65.5  in.) 


Batteries 


Controller 


Traction  s 

Manufacturer 

Type 

Voltage 

Weight 


ESB  Incorporated 
EV-106;  eight  6 V 
48  V 

236  kg  (520  lbm) 


Accessory : 
Type 
Weight 


12-V  SLI 
17  kg  (37  lbm) 


Three-step  controller  actuated  by  accelerator  posi 
tions : 

First  step,  24  V in  series  with  resistor 
Second  step,  24  V 
Third  step;  48  V 


Transmission  None 

Wheels  Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 
Charger  Manufacturer 

Type 

Input  voltage 


Goodyear  4.80-12  (radial) 

340  kPa  (50  psi) 

340  kPa  (50  psi) 

0.249  m (9.8  in.) 

Lester  Equipment  Manufacture 
ing  Co. 

On  board 

110  V;  single  phase 


Motor 


Manufacturer 

Type 

Rating 


General  Electric  Co. 
Series  DC 
4.5  kW  (6  hp) 
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SEBRING- VANGUARD  CITIVANa 


Sebring-Vanguard,  Inc. 
Sebring,  Florida 


The  CitiVan  is  a variation  of  the  CitiCar.  It  is  identical  to  the 
CitiCar  except  that  the  body  has  been  lengthened  to  provide  more 
space  for  cargo. 


Size  and 
weight 


Batteries 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Traction: 

Manufacturer 

Type 

Voltage 

Weight 

Accessory: 

Type 

Weight 


2.74  m (108  in.) 
1.39  m (54.8  in.) 
1.  51  m0 (59. 5 in.) 
1.59  itT  (17.1  ft2) 
660  kg  (1455  lbm) 
884  kg  (1949  lbm) 
1.93  m (76.0  in.) 


Globe-Union,  Inc. 
EV-106;  eight  6 V 
48  V 

210  kg  (464  lbm) 


12-V  SLI 
17  kg  (37  lbm) 


Controller  Three-step  controller  actuated  by  accelerator  posi- 
tions: 

First  step,  24  V in  series  with  resistor 
Second  step,  24  V 
Third  step,  48  V 


Transmission  None 


Wheels 


Charger 


Motor 


Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 

Manufacturer 

Type 

Weight 

Input  voltage 

Manufacturer 

Type 

Rating 


Michelin  125SR12  (radial) 

340  kPa  (50  psi) 

340  kPa  (50  psi) 

0.249  m (9.8  in.) 

Sebring- Vanguard,  Inc. 

On  board 

13.6  kg  (30  lbm; 

110  V;  single  phase 

General  Electric  Co. 
Series  DC 
4.5  kW  (6  hp) 
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VOLKSWAGEN  TRANSPORTER 


Volkswagen  Werk  AG 
Wolfsburg,  West  Germany 


The  Volkswagen  Transporter  is  a German-built  conversion  of  a Volks- 
wagen delivery-van  truck.  The  vehicle  will  carry  three  passengers 
in  addition  to  an  800-kg  (1760-lbm)  payload.  The  vehicle  is  pow- 
ered by  a separately  excited  shunt-wound  DC  motor  that  was  spec- 
ially developed  by  Siemens  AG.  The  battery  pack  is  located  beneath 
the  cargo  area  in  a slideout  tray  for  convenient  servicing  and  re- 
placement. The  vehicle  has  regenerative  braking. 


Size  and 
weight 


Length 

Width 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


4.45  m (175  in.) 
1.75  m (69  in.) 
2.39  m2  (27.5  ft2) 
2268  kg  (5000  lbm) 
3069  kg  (6765  lbm) 
2.41  m (95  in.) 


Batteries 


Traction ; 

Manufacturer 

Type 

Weight 

Voltage 

Accessory  type 


VARTA  Batterie  AG 

Model  L800V3;  twenty- four  6 V 

720  kg  (1587  lbm) 

144  V 

12-V  SLI 


Controller  Armature:  SCR  chopper 

(Siemens  AG)  Field:  transistor  chopper 


Transmission 

Wheels 

Charger 

Motor 


None 

Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 

Manufacturer 

Type 

Input  voltage 

Manufacturer 

Type 

Rating 


185R14  (radial) 

310  kPa  (45  psi) 

365  kPa  (53  psi) 

0.32  m (12.5  in.) 

VARTA  Batterie  AG 

Off  board 

380  V?  three  phase 

Siemens  (AG) 
Separately  excited  DC 
17  kW  (23  hp) 
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WATERMAN  DAF 


C.  H.  Waterman  Industries 
Athol,  Massachusetts 

The  Waterman  DAF  is  a converted  DAF  46  sedan  powered  by  sixteen  6- 
volt  traction  batteries.  A three-step  contactor-controller  actua- 
ted by  a foot  throttle  changes  the  voltage  applied  to  the  6.7-kW 
(9-hp)  motor.  A two-position  gearshift  selector  is  provided  for 
forward  and  reverse.  The  drive  train  also  contains  a variable-speed 
belt-drive  transmission  that,  when  actuated  by  the  driver,  acts  as 
an  overdrive.  A 120-volt  on-board  charger  is  provided  to  charge . 
both  the  traction  batteries  and  the  accessory  battery.  Braking  is 
accomplished  by  standard  hydraulic  brakes.  No  regenerative  braking 
is  provided  on  this  vehicle. 

Size  and  Length 

weight  Width 

Height 

Projected  fron- 
Curb  weight 
Gross  vehicle  y 
Wheel  base 

Batteries  Traction: 

Manufacturer 
Type 
Voltage 
Weight 

Accessory: 

Manufacturer  Van  Doorne's  Personenauto- 

fabriek  DAF  B.V. 

Weight  Approx.  20  kg  (45  lbm) 


3.58  m (141  in.) 
1.52  m (60  in.) 
1.38  m (54  in.) 
area  1.76  m*  (19.0  ft2) 

1225  kg  (2700  lbm) 

weight  1365  kg  (3010  ,,m) 

2.25  m (88.5  i.*  ) 


ESB  Incorporated 
EV-106;  sixteen  6 V 
48  V 

472  kg  (1040  lbm) 


Controller 

Transmission 

Wheels 

Charger 

Motor 


Three- step  contactor 

Variable-speed  belt  drive 

Tires  I 

Tire  pressure : 

Front 

Rear 

Rolling  radiums  1 

Type  ' 

Weight 

Input  voltage 
Manufacturer 


Michelin  135SR14ZX  (radial) 

193  kPa  (28  psi) 

193  kPa  (28  psi) 

0.28  m (11.02  in.) 

On  board 

22.7  kg  (50  lbm) 

120  V AC 

Prestolite  Electrical  Div. , 
Eltra  Corp. 

Series  DC 

6.7  kW  (9  hp) 

45.4  kg  (100  lbm) 
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WATERMAN  RENAULT  5 


C.  H.  Waterman  Industries 
Athol r Massachusetts 

The  Waterman  Renault  5 is  a converted  GTL  sedan  powered  by  sixteen 
6-volt  traction  batteries.  A two-step  contactor-controller 
ated  bv  a foot  throttle  changes  the  voltage  applied  to  the  6.7  kW 
^9-hp)  motor.  The  motor  output  shaft  is  connected  to  the  drive 
train  by  a conventional  four-speed. manual  transmission  and  a 
clutch.  A 120-volt  on-board  charger  is  provided  under  the  hood  to 
charge  both  the  traction  batteries  and _ the  accessory  battery.  No 
regenerative  braking  is  provided  on  this  vehicle. 


Size  and 
weight 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 


3.58  m (141  in.) 
1.52  m (60  in.) 

1. 40  m (55  in. ) 
1.76  m2  (19.0  ft2) 
1170  kg  (2580  lbm) 
1362  kg  (3000  lbm) 
2.44  m (96  in. ) 


Batteries 


Traction : 

Manufacturer 

Type 

Voltage 

Weight 


ESB  Incorporated 
EV-106;  sixteen  6 V 
48  V 

472  kg  (1040  lbm) 


Accessory: 

Manufacturer 

Weight 


Renault 

Approx.  20.4  kg  (45  lbm) 


Controller 


Two-step  contactor 


Transmission  4 Speed?  manual 

Wheels  Tires 

Front 

Rear 

Rolling  radius 

Charger  Type 

Weight 

Input  voltage 

Motor  Manufacturer 

Type 

Rating 

Weight 


Michelin  145SR13ZX  (radial) 
248  kPa  (36  psi) 

248  kPa  (36  psi) 

0.274  m (10.8  in.) 

On  board 

22.7  kg  (50  lbm) 

120  V AC 

Prestolite  Electrical  Div., 
Eltra  Corp. 

Series  DC 

6.7  kW  (9  hp) 

45.4  kg  (100  lbm) 
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C.  H.  Waterman  Renault  5 


ZAGATO  ELCAR 


Zagato  International  S.A. 

Milan , Italy 

The  Elcar  model  2000  is  a two-passenger  electric  vehicle  with  a body 
of  reinforced  fiberglass.  The  vehicle  is  powered  by  eight  12-volt 
batteries  that  are  located  under  the  floor  in  a slide-out  tray.  The 
batteries  are  connected  to  the  motor  through  an  arrangement  of  con- 
tactors operated  from  a foot-pedal  in  conjunction  with  a hand- 
operated  switch.  The  2-kW  (3-hp)  motor  is  directly  connected  to 
the  rear  axle.  No  regenerative  braking  is  provided  on  this  vehicle. 


Size  and 
weight 


Batteries 

(traction) 


Controller 


Length 

Width 

Height 

Projected  frontal  area 
Curb  weight 
Gross  vehicle  weight 
Wheel  base 

Manufacturer 

Type 

Voltage 

Weight 

Contactor 


1.96  m (77.0  in.) 

1. 32  m (52.0  in. ) 

1.57  m (62.0  in.) 

1.63  m2  (17.5  ft2) 

553  kg  (1220  lbm) 

653  kg  (1440  lbm) 

1.30  m (51.0  in.) 

Astron  Battery  Manufactur- 
ing Co. 

RV  827  heavy  duty?  eight 
12  V 
48  V 

187  kg  (412  lbm) 


Transmission  None 

Wheels  Tires 

Tire  pressure: 
Front 
Rear 

Rolling  radius 


Michelin  145SR10ZX  (radial) 

221  kPa  (32  psi) 

221  kPa  (32  psi) 

0.236  m (9. 3 in. ) 


Charger  Type 

Weight 

Input  voltage 

Motor  Manufacturer 

Type 
Rating 


Lester  Equipment  Manufactur- 
ing Co.  8613 
13.6  kg  (30.0  lbm) 

110  V AC 

Scaglia 
Series  DC 
2 kW  (3  hp) 
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TEST  TRACK  DESCRIPTIONS 


Dynamic  Science,  Inc. 

Tne  test  track  shown  in  figure  A-l  is  owned  and  operated  by 
Dynamic  Science,  Inc.,  in  Phoenix,  Arizona,  a subsidiary  of  Talley 
industries.  Tne  test  track  is  a paved,  continuous  two-lane, 
3.2-kilometer  (2-mile)  oval  with  an  adjacent  40  000-square-meter 
(10-acre)  sxid  pad.  The  inner  lane  of  the  track,  which  is  not 
Danked , was  used  for  all  range  tests  of  56.3  kilometers  per  hour 
(35  mph)  or  under.  The  outer  lane  has  zero  lateral  acceleration 
at  80  kilometers  per  hour  (50  mph)  and  was  used  for  tests  over 
56.3  kilometers  per  hour  (35  mph).  Average  grade  on  the  northern 
straight  segment  is  0.66  percent  and  on  the  southern  straight 
segment  is  0.76  percent.  The  surface  of  the  track  and  skid  pad  is 
asphaltic  concrete.  Wet  and  dry  braking-in-turn  tests  were 
conducted  on  the  skid  pad.  Brake  recovery  tests  were  conducted 
after  driving  through  the  wet  brake  water  trough  located  near  the 
north  straight  section  of  the  track.  Both  20  and  30  percent 
grades  are  available  for  parking  brake  tests. 


L Engineering/administration  center 

2.  Mechanical/instrumentation  shops 

3.  Dummy  calibration  laboratory 

4.  Garage/ maintenance  shop 

5.  Environmental  chamber 

6.  Static  crush  facility 

7.  Two- mile  oval 

8.  Turnaround  (typical  oi  two! 

9.  Barrier  impact  facility 

10.  Drop  tower/sled  test  facility 

11.  Central  data  acquisition  and  control  station 

12.  Pendulum  facility 


13.  Non  metal  lies  laboratory 
14  Test  service  facility 

15.  Vehicle-to-vehicle  test  facility 

16.  Rollover  test  facility 

17.  Ride  quality  course 

18.  Skid  pad 

19.  High  and  low  skid  number  braking  lanes 
2a  Salt  water  trough 

21.  Belgian  block 

22.  Parking  brake  test  ramp 

23.  Pull-off  area  (typical  of  thirteen) 

24.  Ballistic  test  range 


Figure  A-l.  - lamic  Science  test  facility. 
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Transportation  Research  Center  ( TRC ) of  Ohio 

Located  in  East  Liberty,  Ohio,  the  TRC  track  is  a 
12-Kilometer  (7.5-mile)  oval  high-speed  test  track  (fig.  A-2). 

The  track  is  a continuous  loop  with  three  lanes  designed  for 
speeds  of  129,  177,  and  225  kilometers  per  hour  (80,  110,  and  140 
mpn)  with  zero  lateral  acceleration.  The  track  surface  is 
concrete  with  asphalt  berms.  Electric  vehicle  range  tests  were 
conducted  on  the  berms  oecause  tne  banked  turns  were  too  steep  for 
tne  lower  speeds  of  the  electric  vehicles.  The  track  has  a 
constant  0.228  percent  downward  grade  when  going  from  nortn  to 
south.  A 200  000-square-meter  (50-acre)  vehicle  dynamics  area  is 
available  for  acceleration  and  coast-down  tests.  For  conducting 
braking  tests,  a brake  soak  tank,  the  brake  test  slope,  and  the 
dynamics  area  were  used. 


Figure  A-2.  - Transportation  Research  Center  (TRC)  of  Ohio  test  facility. 
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Aberdeen  Proving  Ground 

Three  track  facilities  at  Aberdeen  Proving  Ground  were  used 
to  conduct  electric  vehicle  tests: 

(1)  The  dynamic  course  is  a straight,  1.61-kilometer  (1-mile) 
long  track  having  a gradient  of  less  than  0.1  percent.  It  has  low 
speed  turnarounds  at  both  ends.  The  course  has  a hot-mixed 
bituminous  concrete  surface.  Because  of  its  flat  characteristic, 
the  track  was  used  for  acceleration  and  coast-down  tests. 

(2)  The  1.61-kilometer  (1-mile)  loop  is  a flat  oval  track 
with  0.4-kilometer  (0.25-mile)  straight  sections  and  a maximum 
gradient  of  1 percent.  The  course’s  two  lanes  have  a concrete 
foundation  covered  with  a hot-mixed  bituminous  concrete  surface. 
The  course  was  used  to  conduct  range  tests  in  which  the  speed  was 
less  than  64  kilometers  per  hour  (40  mph). 

(3)  The  high  speed,  paved  road  is  a flat  4.8-kilometer 
(3-mile)  straight  course  with  banked  high  speed  turnaround  loops 
at  the  ends.  The  maximum  grade  is  1 percent.  The  course  surface 
is  bituminous  concrete.  This  course  was  used  to  conduct  constant 
high-speed  range  tests. 


Dana  Corporation 

The  Dana  Corporation  Technical  Center  is  located  at  Ottawa 
Lake,  Michigan.  The  facility  maintains  a test  track 
2.8-kilometers  (1.75  miles)  long.  The  three-lane  test  loop, 
designed  for  a maximum  speed  of  97  kilometers  per  hour  (60  mph) , 
is  13.7  meters  (45  ft)  wide  and  has  a 0.23-meter  ,(9-in)  thick 
reinforced  concrete  surface.  Tne  Center  has  no  facilities  for 
braking  tests. 


VEHICLE  PREPARATION  AND  TEST  PROCEDURES 

Described  briefly  in  this  section  is  the  procedure  followed 
by  NASA  Lewis  to  prepare  a vehicle  for  testing  and  to  carry  out 
the  tests  at  the  Dynamic  Science  test  track  and  at  the 
Transportation  Research  Center.  The  test  procedure  used  was  the 
Energy  Research  And  Development  Administration’s  Electric  and 
Hybrid  Vehicle  Test  and  Evaluation  Procedure  (ERDA-EHV-TRP),  which 
is  presented  in  appendix  E of  reference  5.  Procedures  used  by  the 
other  testing  agencies  were  similar. 

NASA  Lewis  Tests 

Electric  vehicle  preparation.  - When  a vehicle  was  received 
at  the  test  track,  it  was  examined  for  physical  damage  before 
being  accepted  from  the  shipper.  A complete  visual  check  was  made 
of  the  entire  vehicle  including  wiring,  batteries,  motor,  and 
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controller.  The  vehicle  was  weighed;  the  weight  was  compared  with 
the  manufacturer's  specified  curb  weight  and  then  recorded.  The 
gross  vehicle  weight  was  noted  from  the  vehicle  sticker  or,  if  the 
manufacturer  did  not  recommend  a gross  weight,  the  gross  weight 
was  calculated  by  adding  68  kilograms  (150  lbm)  per  passenger  plus 
any  additional  manufacturer-specified  payload  weight  to  the 
vehicle  curb  weight. 

The  wheel  alinement  was  checked  and  corrected  to  the 
manufacturer's  recommended  alinement  values.  The  battery  was 
charged  and  specific  gravities  measured  to  determine  if  all  cells 
were  equalized.  If  not,  an  equalizing  charge  was  applied  to  the 
batteries.  Tne  integrity  of  the  internal  interconnections  and  the 
battery  terminals  were  checked  by  drawing  300  amperes  (or  tne 
vehicle  manufacturer's  maximum  allowed  current  load)  from  the 
battery  through  a load  bank  for  5 minutes  as  specified  in  the  test 
procedure  (fig.  A-3  shows  a typical  test  setup).  If  the  battery 
terminal  or  interconnector  temperatures  rose  more  tnan  60  Celsius 
degrees  (140  Fanrenheit  degrees)  above  ambient,  the  test  was 
terminated  and  the  terminal  cleaned  or  the  battery  replaced. 

(This  load  bank  test  was  not  conducted  on  vehicles  tested  during 
1975  and  1976.)  The  batteries  were  recharged  and  a battery 
capacity  check  was  made.  The  battery  was  discharged  at  the  3-hour 
rate,  or  at  the  manufacturer's  recommended  rate,  to  1.7  volts  per 
cell.  All  capacities  were  required  to  be  within  20  percent  of  trv* 
manufacturer  ' «*  published  value. 


Figure  A-3.  - Typical  battery  discharge  test  setup. 
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Pi  Petrie  vehicle  test  procedure-.  - A pretest  checklist  was^^ 
j hv  track  personnel  to”  aid  in  preparing  for  and  conducting  the 
tilt  (fig! A-4).  Test  checklists  were  also  provided.  Samples  of 
these  test  checklists  are  shown  in  figures  A-5(a)  and  ( ). 


i Record  soecific  qravily  readings  after  removing  vehicle  from  charge,  and  disconnect 
L SrSS.  nil  in  charge  data  portion .of date  sheet  MM 
test.  Add  water  to  batteries  as  necessary,  recording  amount  added.  Check  and  re 
cord  5th  wheel  .ire  pressure  and  vehicle  tire  pressure. 

2.  Connect  {Connect  alligator  clips  to  instrumentation  battery  last) 

(a)  Inverter  to  Instrument  battery 

(b)  Integrator  input  lead 

(c)  integrator  power  to  Inverter 

(d)  Starred  1*1 5th  wheel  jumper  cable 

(e)  Cycle  timer  power  and  speed  signal  input  cables.  Check  times. 

(f)  Spin  up  and  calibrate  5th  wheel 

3.  Record  test  weight  - Includes  driver  and  ballast  with  5th  wheel  raised. 

4 ^aHnverter  motor  speed  sensor,  thermocouple  reference  junctions.  Integrator, 

wan»  — <**««■*.  * - 

panded  scale  range.) 

5.  Tow  vehicle  onto  track  with  5th  wheel  raised. 

Precalibrations: 

Tape  data  system 
Oscillograph 
Reset: 

5th  wheel  distance 
Ampere-hour  meter 

Thermocouple  readout  switches  on  Record 
Turn  on  thermocouple  reference  junctions. 

Lower  5th  wheel.  Set  hub  loading. 

6.  Be  sure  dele  sheet  is  properly  filled  out  to  this  point.  Check  welch  time  with  control 

tower.  | 

7.  Proceed  with  test.  _ 

Figure  A-4.  - Sample  of  pretest  checklist. 
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Vehicle 


.mph  range  test. 


.gear 


Driver  Instructions: 

1.  Complete  Pretest  Check  List. 

2.  While  on  track  recheck: 

integrator- light  on,  in ''operate"  position,  zeroed 

Speedometer  - set  on mph  center 

Distance -on,  reset,  lighted 
Attenuator  - on,  reset,  lighted 

3.  At  signal  from  control  center  accelerate  moderately  to mph, 

4.  Maintain il  mph  with  minimal  accelerator  movement. 

5.  When  vehicle  is  no  longer  able  to  maintain mph,  brake  moderately  to  full  stop. 

6.  Complete  Posttest  Check  List  and  other  documentation. 

Recording-. 

Channel 


1.  Set  oscillograph  zeros  at: 


Zero,  in. 


3 

3.0 

4 

4.5 

6 

5.0 

10 

.75 

12 

1.1 

13 

1.2 

14 

2.0 

2.  Recor  I channels  on  magnetic  tape.  Check  inputs  at  beginning  of  test  to  verify 
recoro...,. 

3.  Run  cals  on  all  channels. 

4.  Remove  ail  channels  from  oscillograph  except  3 and  4. 

5.  Start  recording  15  s before  start  of  test  at  oscillograph  speed  of  0. 1 in/s  and  tape  speed 

of In/s. 

6.  After  15  min  Into  test  connect  channels  6,  10,  12, 13,  and  14  to  oscillograph  and  record 
a burst  at  100  in/s  while  vehicle  is  in  chopper  mode. 

7.  Remove  channels  6,  10.  12,  13,  and  14  from  oscillograph  and  continue  test  at  0.1  In/s 
with  channels  3 and  4 only. 

8.  Document  all  ambient  conditions  at  beginning,  once  every  hour,  and  at  the  end  of  the 
test.  Items  recorded  shall  Include  temperature,  wind  speed  and  direction,  significant 
wind  gusts,  and  corrected  barometric  pressure. 


(a)  Constant  speed  test. 

Figure  A-5.  - Samples  of  test  checklists. 
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Vehicle . Cycle  Test, gear 

Driver  Instructions: 

1.  Complete  Pretest  Check  list. 

2.  While  on  track  recheck: 

Integrator  - light  on,  in  "operate"  position,  zeroed 

Speedometer  - set  on mph  center 

Distance -on,  reset,  lighted 

Attenuator  - on,  reset,  selector  on  100 

Cycle  timer  - verify  scheduled  timing  with  stop  watch 

3.  At  signal  from  control  center  perform  cycle  test  using  cycle  timer  as  basis  for  deter- 
mining length  of  each  phase  of  performance  cycle.  Use  programmed  stop  watch  as 
backup  device.  Cycle  consists  of 

Accelerate  to mph  in s 

Cruise  at mph  for s 

Coast  for s 

Brake  to  complete  stop  In s 

Hold  In  stop  position  for s 

Repeat  entire  cycle  until  vehicle  is  unable  to  meet  acceleration  time.  Moderately  brake 
to  a complete  stop. 

4.  Complete  Posttest  Check  list  and  other  documentation. 

Recording; 

1.  Record  all  channels  on  magnetic  tape  at in/s.  Check  all  channels  to  verify 

input  at  beginning  of  test. 

2.  Record  speed  and  distance  on  oscillograph  at In/s. 

3.  Start  recording  data  15  s before  beginning  test. 

4.  Document  ambient  conditions  at  beginning,  once  every  hour,  and  at  the  end  of  the  test. 
Items  recofded  shall  include  temperature,  wind  speed  and  direction,  significant  wind 
gusts,  and  corrected  barometric  pressure. 

Cb)  Driving  cycle  test. 

Figure  A-5.  - Concluded. 
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_ Data  taken  before , during,  and  after  each  test  included  the 
following: 

(1)  Average  specific  gravity  of  the  battery  (before  and  after 
test) 

(2)  Tire  pressures 

(3)  Fifth  wheel  tire  pressure 

(4)  Test  weight  of  the  vehicle 

(5)  Weather  information 

(6)  Battery  temperatures 

(7)  Time  of  day  the  test  was  started 

(8)  Time  of  day  the  test  was  stopped 

(9)  Ampere-hours  out  of  the  battery 

(10)  Fifth  wheel  distance  count 

(11)  Odometer  readings  (before  and  after  the  test) 

In  addition,  battery  charge  data  were  taken  during  the  charge 
cycle.  The  data  included  kilowatt-hours  and  ampere-hours  into  the 
battery  during  the  charge  and  the  total  charging  times. 

To  prepare  for  a test,  the  specific  gravities  were  first 
measured  for  each  cell  and  recorded.  The  tire  pressures  were 
measured  and  the  vehicle  weighed.  The  weight  was  brought  up  to 
the  gross  vehicle  weight  by  adding  sandbags.  -All  instruments  were 
turned  on  and  warmed  up.  The  vehicle  was  towed  to  the  starting 
point  on  the  track.  If  the  data  were  being  telemetered, 
precalibrations  were  applied  to  both  the  magnetic  tape  and  the 
oscillograph.  The  test  was  started  and  carried  out  in  accordance 
with  the  test  checklist.  When  the  test  was  terminated,  the 
vehicle  was  stopped  and  the  posttest  checks  were  made  in 
accordance  with  the  posttest  checklist  (see  fig.  A-6).  The 
postcalibration  steps  were  applied  to  the  magnetic  tape  and 
oscillographs.  At  the  end  of  the  test,  weather  data  were  recorded 
on  the  vehicle  data  sheet.  All  instrumentation  power  was  turned 
off  and  the  vehicle  was  towed  back  to  the  garage.  The  posttest 
specific  gravities  of  all  cells  were  measured,  and  the  batteries 
were  placed  on  charge.  During  the  charge  period  a continuous 
record-  of  charge  voltage  and  current  was  made  -on  a strip  chart 
recorder  for  determining  the  total  energy  input  to  the  battery. 

The  power  to  the  charger  was  measured  on  a residential  type 
kilowatt-hour  meter*  The  total  ampere-hour  charge  into  the 
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1.  Record  time  immediately  at  completion  of  test.  Turn  off  key  switch. 

2.  complete  Track  Data  Sheet 

(a)  Odometer  stop 

<b)  Ampere-hour  Integrator 

(c)  5th  wheel  distance 

(d)  Read  temperature 

(e)  Calibrate  data  system 

(f)  Record  weather  data 

3.  Turn  off  Inverter,  thermocouple  reference  Junctions. 

4.  Disconnect  12-volt  Instrument  battery  red  lead. 

5.  Raise  5th  wheel. 

6.  Tow  vehicle  of?  track. 

7.  Start  charge  procedure  (specific  gravities). 

8.  Check  specific  gravity  on  Instrument  battery.  If  less  than  1. 220  remove 
from  vehicle  and  charge  to  full  capacity. 

9.  Check  water  level  In  accessory  batteries.  Add  water  as  necessary. 


Figure  A-6.  - Sample  posttest  checklist. 


batterv  was  obtained  with  a current  integrator  operating  from  a 
current  shun?  To  insure  that  each  cell  of  the  battery  was  fully 
charged  before  each  test,  the  batteries  were  overcharged. 

Internal  combustion  engine  vehicle  preparation  and -|S||  . 

procedure . - The  internal  comoustion  engine  vehicles  were  prepared 
for  testing  in  a manner  similar  to  the  electric  vehicles;  in  other 
words,  before  testing,  the  vehicle  was  carefully  inspected  for 
brake  drag,  wheel  alinement,  etc.  The  vehicle  was  then  weighed 
and  a payload  added  that  was  equal  to  the  payload  carried  by  its 
equivalent  electric  vehicle.  A fifth  wheel,  fifth  wheel  . 

instrumentation,  and  a precision  fuel  flowmeter  were  installed  in 
the  vehicle.  The  fuel  flowmeter  data  system  output  yielded  time, 
temperature,  fuel  line  pressure,  and  integrated  fuel  flo*  on 
digital  counters.  Tests  were  conducted  on  the  four  vehicles  at 
the  TRC  test  facility.  The  tests  were  conducted  for  one  lap  of 
tie  EmcK  la!??  kilometers  (7.5  miles).  Each  test  was  started 
after  a warmup  lap  at  a precise  location  on  the  track  with  the 
fuel  meter  readings  at  zero.  After  one  lap  the  readings  were 
stopped  and  recorded.  Readings  were  taken  of  test  duration, 
range,  fuel  temperature,  total  fuel  flow,  ambient  temperature, 
wind  speed  and  duration  and  direction,  and  barametnc  pressure. 
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Weather  data.  — Measurements  of  wind  speed  and  direction  and 
ambient  temperature  were  taken  at  the  beginning  and  end  of  each 
test?  for  a long  duration  test  they  were  also  taken  midway  through 
the  test.  The  wind  anemometer  was  located  about  1.8  meters  (6  ft) 
from  the  ground  near  the  south  straight  segment  of  the  track  at 
Dynamic  Science  and  within  the  oval  about  3 meters  (10  ft)  from 
the  ground  at  TRC.  At  the  Dynamic  Science  test  track,  during  most 
of, the  test  period,  the  winds  were  usually  variable  and  gusty. 

.Determination  of  maximum  speed.  — Because  of  the  grades  on 
the  Dynamic  Science  test  track,  there  Was  a significant  variation 
between  the  maximum  and  minimum  speeds  of  a vehicle  when  it  was 
driven  around  the  track  at  wide-open  throttle.  For  this  reason 
the  vehicle  was  tested  at  less  than  wide-open  throttle  in  order  to 
maintain  a constant  speed.  This  speed  was  determined  in  the 
following  manner  for  the  NASA  Lewis  tests. 

The  vehicle  was  fully  charged  and  loaded  to  gross  vehicle 
weight.  After  one  warmup  lap  the  vehicle  was  driven  at  wide-open 
throttle  for  three  laps  around  the  track.  The  minimum  speed  for 
each  lap  was  recorded  and  the  average  was  calculated.  This 
average  was  called  vehicle  maximum  speed  for  test  purposes.  This 
value  was  then  reduced  by  5 percent  and  called  recommended  maximum 
cruise  test  speed.  This  approach  was  necessary  because  the  test 
procedure  requires . termination  of  a test  when  the  vehicle  cannot 
sustain  the  specified  test  speed.  Otherwise,  an  immediate 
termination  of  maximum  speed  range  tests  would  be  required  if  the 
vehicle  true  (flat  road)  maximum  speed  were  used. 

The  same  procedure  was  followed  for  the  NASA  Lewis  and  JPL 
tests  at  TRC.  MERADCOM  at  Aberdeen  and  NASA  JPL  at  Dynamic 
Science  conducted  maximum  speed  tests  *at  wide-open  throttle. 

MERADCOM  Test  Procedures 

> Although  the  MERADCOM  tests  were  also  conducted  with  the  same 
basic  procedures  as  the  NASA  Lewis  tests,  some  differences  were 
noted.  An  observer  was  used  in  the  MERADCOM  tests  for  taking 
temperature  data,  making  verbal  notations  on  one  channel  of  the 
data  system,  and  aiding  the  driver  during  cycle  tests.  Also, 
instead  of  carrying  a current  integrator  aboard  the  vehicle,  the 
total  ampere-hour  charge  out  of  the  battery  was  calculated  from 
the  recorded  battery  current  measurement. 

NASA  JPL  Test  Procedures 

, L's  basic  test  procedures  were  also  the  same  as  those  used 

by  NASA  Lewis  with  the  following  exceptions:  At  Dynamic  Science 

the  vehicle  test  weight  of  the  Ripp-Electric  was  93  kilograms  (206 
lbm)  less  than  the  gross  vehicle  weight.  At  TRC  the  Fiat  850  T 
van  was  tested  at  gross  vehicle  weight.  At  Dynamic  Science  the 
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maximum-speed  range  test  on  the  Ripp-Electr ic  was  conducted  at 
wide-open  throttle,  while  at  TRC  the  maximum  speed  test  on  the 
Fiat  850  T van  was  conducted  at  a speed  determined  by  using  the 
method  outlined  in  the  section  Determination  of  Maximum  Speed. 

DATA  ACQUISITION 

Six  data  systems  were  used  by  the  various  testing  agencies  to 
obtain  data  from  track  tests.  A brief  description  of  the  systems 
fol  lows : 

Telemetered  Analog,  NASA  Lewis,  Dynamic  Science  Track 

The  telemetered  analog  data  system  developed  by  Dynamic 
Science  and  used  by  NASA  Lewis  during  the  1977  tests  at  the 
Dynamic  Science  track  permits  the  simultaneous  measurement  and 
recording  of  up  to  14  data  channels.  Data  acquired  from  the  test 
vehicle  are  conditioned  and  multiplexed  aboard  the  vehicle  and 
transmitted  to  the  data  acquisition  center  where  they  are 
demodulated  and  recorded  on  magnetic  tape.  The  basic  building 
clock  of  this  system  is  the  remote  signal  conditioning  module 
shown  installed  in  a test  vehicle  in  figure  A-7.  This  module 


contains  all  the  necessary  functions  required  to  take  the  basic 
transducer  information,  and  it  provides  suitable  gain  and  balance 
to  normalize  all  transducer  outputs  into  common  formats.  Once  the 
data  have  been  normalized,  they  are  multiplexed  through 
voltage-controlled  oscillators  and  telemetered  to  the  data 
acquisition  center.  The  system  provides  nine  1000-hertz-bandwidth 
data  channels  and  five  2000-hertz-bandwidth  data  channels.  All 
vehicle  performance  and  component  measurements  were  conditioned 
through  this  system. 

Current  measurements  were  made  with  Hall-effect  current 
sensors  on  vehicles  with  chopper-type  controllers  and  were  made 
with  500-ampere-per-100-m ill ivol t shunts  on  vehicles  with 
contactor-type  controllers.  Voltage  measurements  were  attenuated 
by  voltage  dividing  circuits  before  entering  the  data  acquisition 
system.  Power  was  measured  with  a power  meter  that  multiplied 
instantaneous  current  by  instantaneous  voltage.  Battery 
temperature  was  measured  in  two  locations  on  the  outside  of  the 
battery  case  by  copper-constantan  thermocouples  with  electronic 
reference  junctions.  Integrated  battery  current  was  measured  in 
the  vehicle  by  a self-contained  current  integrator  using  a 
500-ampere-per-l 00-mill ivol t shunt . 

Distance  and  velocity  were  measured  with  a Nucleus 
Corporation  Model  NC-7  Precision  Speedometer  (fifth  wheel)  which 
is  shown  in  figure  A-8  on  a test  vehicle.  The  accuracy  of  the 
distance  and  velocity  readings  was  within  +1/2  percent  of  reading. 
The  fifth  wheel  was  calibrated  before  each  test  by  rotatinq  the 
wheel  on  a constant-speed  fifth  wheel  calibrator  drum. 
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Cycle  Timer 

The  cycle  timer  (fig.  A-9)  was  designed  to  assist  the  venicl- 
driver  in  accurately  driving  tne  SAE  B,  C,  and  0 schedules.  l’he 


Figure  A-9.  - Cycle  timer. 


required  test  profile  is  continuously  reproduced  on  one  needle  of 
a dual  movement  analog  meter  shown  in  the  figure.  The  second 
needle  is  connected  to  the  output  of  the  fifth  wheel  and  the 
driver  "matches  needles"  to  accurately  drive  the  required 
schedule.  One  second  before  each  speed  transistion  (e.g., 
acceleration  to  cruise  or  cruise  to  coast)  a signal  sounds  to 
forewarn  the  driver  of  a change.  A longer  signal  is  heard  after 
the  idle  period  to  emphasize  the  start  of  a new  cycle.  The  total 
number  of  test  cycles  driven  is  stored  in  a counter;  this  can  be 
displayed  at  any  time  by  pushing  a button  (to  conserve  power). 

On-Board  Strip  Chart  NASA  Lewis 

The  on-board  strip  chart  data  system  was  used  only  to  obtain 
data  required  to  determine  electric  vehicle  performance 
characteristics  defined  by  the  ERDA-EHV-TEP  test  procedure. 
Measurements  taken  included  vehicle  speed,  distance  traveled,  and 
integrated  current  from  the  traction  battery.  The  instrument 
package,  located  entirely  aboard  the  vehicle,  included  the  current 
integrate  cs  and  precision  speedometer  previously  described,  and 
one  two-channel  strip  chart  recorder.  Vehicle  distance  and  speed 
were  recorded  continuously  on  this  recorder  during  each  test.  The 
speedometer  and  recorder  are  shown  in  figure  A-10. 
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Figure  A-10.  - Speedometer  and  recorder  installed  in  vehicle. 

On-Board  Digital,  NASA  JPL 

A 16-channel  digital  data  logger  system  was  used  by  JPL  on 
both  the  Ripp-Eiect r ic  passenger  car  tested  at  Dynamic  Science  and 
the  Fiat  850  T van  tested  at  TRC . If  sampling  was  done 
sequentially,  a maximum  sampling  rate  of  5 channels  per  second 
allowed  a normal  sample  time  per  channel  of  about  3 seconds  for 
the  16  channels.  However,  a random  sampling  scheme  was  used  so 
that  critical  channels  could  be  sampled  at  higher  rates  while 
skipping  less  critical  channels.  The  recording  system  consisted 
of  an  input  multiplexer,  a 12-bit  analog-to-d ig ital  converter,  a 
formatter,  and  an  incremental  write-only  digital  tape  transport. 

Speed  and  distance  information  was  obtained  from  a Nucleus 
Corporation  NC-5  Precision  Speedometer  (fifth  wheel).  The  speed 
signal  from  the  fifth  wheel  was  applied  simultaneously  to  (1)  a 
analog  voltmeter  calibrated  in  miles  per  hour,  (2)  a Hewlett 
Packard  7100  B strip  chart  recorder,  and  (3)  one  channel  of  the 
data  logger.  For  driving  schedule  tests  the  strip  chart  recorder 
used  prerecorded  speed-time  profiles  of  the  driving  schedules. 

The  driver  was  able  to  drive  the  schedules  by  allowing  the  pen  to 
follow  the  prerecorded  1 1 ■'ce  and  at  the  same  time  record  the 
actual  speed  of  the  vehi.le. 

Battery  charge  and  discharge  amphere-hours  were  recorded  on  a 
specially  built  current  integrator  operating  from  a 50  millivolt, 
300  ampere  current  shunt  connected  in  series  with  the  traction 
battery  of  the  vehicle.  Hall-effect  current  sensors  measured 
motor  and  battery  currents  and  thermistors  sensed  ambient,  motor, 
and  battery  temperatures.  A four-channel  digital  energy  counter 
measur  d battery  recharge  and  discharge  energy,  energy  to  the 
motor,  and  energy  from  the  motor. 


An  analog  seven-channel  data  acqu’  -'ition  system  was  used  by 
MERADCOM  on  all  their  test  vehicles.  V ' system  consists  of  a 
seven-channel  tape  recorder  and  associ.-  d signal  conditioning. 

Signal  conditioning  circuitry  cons  sts  of  voltage  dividers 
for  measuring  voltages,  voltage  amplifiers  for  the  current  shunt 
outputs,  and  analog  multipliers  and  averaging  circuits  for 
obtaining  power  measurements  and  averaging  power  and  current 
measurements.  All  current  measurements  were  made  with 
500-ampere-per-100-mill ivolt  shunts.  Vehicle  velocity  and 
distance  were  measured  with  a Lebecc  fifth  wheel  and  read  out  on 
digital  meters  within  the  vehicle.  Temperatures  were  measured 
with  thermocouples  and  were  read  out  by  the  observer  using  a 
selector  switch.  A cassette  voice  recorder  was  used  by  the 
observer  during  tests  to  record  some  data  and  his  observations. 

On-Board  Analog,  NASA  Lewis,  TRC  Track 

A 14-channel  PM  magnetic  tape  recorder  was  used  by  NASA  Lewis 
on  some  venicles  to  obtain  both  vehicle  and  component  data  at  TRC. 
The  recorder  was  a general  purpose  multispeed  instrumentation 
recording  system  with  high  performance  capabilities.  During  the 
electric  vehicle  tests  the  recorder  was  run  at  9.5  centimeters  per 
second  (3.75  in/s).  Frequency  response  at  this  tape  speed  is  +1 
decibel  from  DC  to  1.25  kilohertz. 

Hall-effect  current  sensors  were  used  to  measure  battery 
current  and  motor  field  cuccent.  Voltage  measurements  were 
attenuated  by  voltage  dividing  circuits  before  entering  the 
recorder.  Power  was  measured  with  a power  meter  which  multiplied 
instantaneous  voltage  by  instantaneous  current.  Current,  voltage, 
and  power  measurements  of  the  battery,  motor  armature,  and  motor 
field  were  recorded  separately.  Vehicle  speed  measurements  were 
recorded  directly  from  the  fifth  wheel  through  a voltage  divider, 
and  distance  was  displayed  on  the  fifth  wheel  digital  meter. 
Integrated  battery  current  was  measured  with  the  current 
integrator  described  earlier. 

On-Board  Strip  Chart,  Canadian 

The  Canadian  data  acquisition  system  used  an  eight-channel 
on-board  recorder  to  record  vehicle  speed  and  distance,  motor 
current  and  voltage,  and  battery  current  and  voltage.  Event 
channels  were  used  to  indicate  the  position  of  the 
accelerator-operated  contactors.  A specially  made  fifth  wheel 
employed  optical  means  for  determining  both  vehicle  speed  and 
distance. 
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VEHICLE  TEST  RESULTS 


Presented  in  this  section  are  the  results  of  the  performance 
tests  on  the  electric  vehicles  tested.  These  include  ranqe  at 
constant  speed,  range  over  stop-and-go  drivinq  cycles, 
acceleration,  drawbar  traction  data,  and  a brief  record  of 
problems  encountered  with  the  vehicles  during  the  test  program. 
Braking  tests  were  conducted  on  twelve  of  the  vehicles.  The  tests 
include  braking  in  a straight  line,  braking  in  a curve  (fiq.  A-ll) 
on  both  dry  and  wet  surfaces,  and  wet  recovery  tests.  Figure  A-12 
shows  a vehicle  being  driven  through  water  prior  to  the  wet 


Figure  A-ll.  - Braking  in  a curve. 


Figure  A-12.  - Preparing  vehicle  for  wet  recovery  test. 


Figure  A-13.  - Vehicle  in  parking  brake  test. 


recovery  test.  Most  vehicles  tested  passed  these  tests.  Parking 
brake  effectiveness  tests  also  were  conducted  (fig.  A-13).  In 
most  cases  the  "as-delivered  vehicles"  failed  the  parkinq  brake 
test , although  adjustment  of  the  brake  permitted  them  to  pass  the 
test.  Where  possible,  vehicles  with  regenerative  braking  were 
tested  with  the  regenerative  braking  activated  and  again  with  it 
deactivated  on  the  driving  cycle  tests.  On  one  vehicle  the  system 
could  not  be  deactivated  in  the  field.  Table  A-2  contains  a 
summary  of  the  test  vehicle  code,  the  testinq  agency,  the  test 
period,  the  location  of  the  tests,  the  data  system  used,  and  the 
variables  measured.  Because  the  purpose  of  these  tests  was  to 
evaluate  the  overall  state-of-the-art,  not  to  compare  vehicles,  in 
reporting  the  results  the  vehicles  have  been  coded. 

Test  results  vary  slightly  because  of  track  grades  and  wind. 
Uthouqh  the  ERDA  and  SAE  J227a  test  procedures  allow  grades  on 
the  test  track  of  up  to  1 percent,  a 1 percent  grade  produces  a 
considerable  difference  in  road  load.  For  example,  for  a vehicle 
that  weighs  1700  kilograms  (3750  lbm)  the  change  in  road  load  is 
167  newtons  (37.5  lbf).  This  additional  load  requires  about  3.0 
kilowatts  (4.0  ho),  or  about  40  percent  of  the  road  power 
requirements  for  a vehicle  traveling  at  64.4  kilometers  per  hour 
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TABLE  A- 2.  - GUKMARV  OP  ELECTRIC  VEHICLE  TRACK  TESTS 


Vehicle 

Tooting 

agency 

Toot  poriod 

Track 

Data  system 

Variables 

measured 

NASA  Lewie0 

1/17/77  to  3/18/77 

D3b 

Telemetered r analog; 

Vehicle0  and 

nagnotic  tape 

components^ 

P-2 

4/0/77  to  4/26/77 

P-3 

1/27/77  to  3/21/77 

mm 

3/23/77  to  4/26/77 

4/13/77  to  4/27/77 

On  board; 

analog; 

Vchiclo 

strip  chart 

NASA  JPLU 

3/4/77  to  4/26/77 

On  board;  digital; 

Vohiclo  and 

magnetic  tape 

components 

P-7 

NASA  LQWio 

6/17/77  to  7/15/77 

TRC1 

On  board;  analog; 

Vehicle 

strip  chaj  t 

NASA  Lewis 

0/75  and  5/17/76 

TRC 

On  board; 

analog; 

Vohiclo 

to  7/21/76 

otrip  chart 

P-9 

M3RADC0Mg 

5/13/77  to  5/22/77 

APGh 

On  board; 

analog; 

Vohiclo  and 

magnetic  tapo 

components 

NASA  Lewis 

7/76 

TRC 

On  board; 

analog; 

Vehicle 

strip  chart 

NASA  Lowio 

0/76 

Dana1 

On  board; 

analog; 

Vohiclo 

strip  chart 

C-l 

NASA  Lewis 

1/17/77  to  4/1/77 

DS 

Telemetered;  analog; 

Vohicle  and 

magnetic  tape 

components 

C-2 

NASA  Lewio 

3/14/77  to  3/2 D/77 

DS 

On  board; 

analog; 

Vehicle 

strip  chart 

1 

C-3 

NASA  Lowis 

5/10/77  to  6/22/77 

TRC 

On  board; 

analog; 

Vohiclo  and 

magnetic  tape 

components 

C-4 

NASA  JPL 

5/16/77  to  6/13/77 

On  board; 

digital; 

Vehicle  and 

9 

magnotic  tape 

components 

c-s 

NASA  Lowio 

6/23/77  to  *7/18/77 

On  board; 

analog; 

Vohiclo 

strip  chart 

C-6 

NASA  Lowio 

e/16/76  to  0/20/76 

On  board; 

analog; 

. Vohiclo 

strip  chart 

C-7 

MERADCOM 

7/19/77  to  0/25/77 

APG 

On  hoard; 

analog; 

Vehicle  and 

magnotic  tapo 

components 

C-0 

MERADCOM 

6/23/77  to  7/13/77 

APG 

On  board; 

analog; 

Vohiclo  and 

magnetic  tape 

components 

C-9 

NASA  Lewis 

4/76 

Dana 

On  board; 

analog; 

Vohicle 

strip  chart 

C-10 

NASA  Lewio 

9/24/76  to  9/30/76 

Dana 

On  board; 

analog; 

Vehicle 

strip  chart 

C-ll 

ME  PA  DCOM 

0/31/77  to  9/0/77 

APG 

On  board; 

analog; 

Vohiclo  and 

magnotic  tapo 

components 

C-12 

Canadian 

5/2/77  to  7/15/77 

LETE3 

On  board; 

analog; 

Vehicle  and 

Dept,  of 
National 

strip  chart 

components 

Defence 

^National  Aoronaufcicn  and  Spaco  Administration,  Lewis  Honcarch  Conter,  Cleveland,  Ohio. 
coynamic  science,  Phecni::,  Arizona. 

^Vehicle  includes  vehicle  volccity,  diotanco  travolod,  and  integrated  battery  current. 

Component  incluucs  motor  current,  voltage,  and  power;  battary  current,  voltage,  and 
c power;  motor  and  battery  temperatures. 

^Jot  Propulsion  Laboratory,  Pasadena,  California. 

“Transportation  Research  Contor  of  Ohio,  East  Liborty,  Ohio. 

^Mobility  Equipment  Research  and  Development  Command,  Ft.  Bolvoir,  Virginia. 

^Aberdeen  Proving  Ground,  Aberdeen,  Maryland. 

aDana  Corporation  Technical  Center.  Ottawa  Lake,  Michigan. 

JLand  Engineering  TcGt  Establishment » Ottawa,  Canada. 
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(40  mph).  This  difference  is  averaged  out  pn  oval  tracks  in  range 
tests^  However,  the  effect  of  grade  was  apparent  m coast-down 
tests  When  tests  were  conducted  in  different  directions  on  the 
same Section  of  track,  the  vehicles  coasted  up  to  twice  as  far  m 
one  direction  as  they  did  in  the  other. 

The  test  procedure  also  allows  testing  in  winds  up  to  16.1 
kilometers  pe/hour  (10  mph).  A vehicle  with  a drag  coefficient 
Cn  of  0.5  and  a projected  area  of  1.8  square  meters  (20  ft) 
travel ing  against  a 16-kilometer-per-hour  (10-mph)  wind  will 
experience  an  aerodynamic  force  of  98  newtons  (22  lbf ) . Wh®n  ™ 
vehicle  is  traveling  with  the  wind,  the  road  load  is  reduced  hy  80 
newtons  (18  lbf).  The  added  force  when  trave 1 mg  against  the  w 
is  greater  than  the  reduction  in  force  when  traveling  with  the 

wind,  and  thus  a small  reduction  in  the  overall 
vehicle  occurs.  The  reduction  is  about  2 percent  at  a y^icle 
speed  of  64  kilometers  per  hour  (40  mph)  and  about  4 percent  a 
vehicle  speed  of  40  kilometers  per  hour  (25  mph). 


Twenty-seven  tests  were  conducted  involving  26  different 
vehicles  of  which  22  were  electrics  and  4 were  conventional  heat 
engine  vehicles.  The  results  of  all  tests  are  present 'd  on  the 
vehicle  test  result  forms,  which  contain  the  following  data: 


(1)  Range  tests  at  constant  speed 

(2)  Range  tests  on  driving  cycles  (described  in  section  3.2) 

(3)  Acceleration  times  to  32.2  and  48.3  kilometers  per  hour 
(20  to  30  mph) 


(4)  Tractive  force  tests 

(5)  Reliability  problems  encountered  during  track  tests 
and/or  charging 

A discussion  of  these  results  appears  in  section  3.2.3  of  the  main 
body  of  this  report. 
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ELECTRIC  VEHICLE  TRACK  TEST  RESULTS 


Vehicle 

P-1 

Dates  tested  _ 

1/17/77  to  3/18/77  ""  " 

Test  facility^ 

Dynamic  Sc ienc a 

Tested  by 

NASA  Lewis 

RANGE  TESTS 


Teat  speed 


Constant  speed 
flange 


Energy 

consumption 


km/h 

40«2 

40.2 

49.9 

°49.9 

49.9 

49.9 


mph 

25 


km 

95.7 


25  93.0 


31 

31 

31 

31 


92.7 
59.9 

91.7 
93.6 


miles 

59.5 
57.8 

57.6 
37.2 
57.0 
5B.2 


Schedule 


Driving  cycle 
Range 


Enorgy 

consumption 


MJ/km 

kWh/mllo 

km 

miles 

MJ/km  kWh/mllo 

1.01 

36.4 

22.6 

■ 

• 9G 

.43 

68.4 

42.5 

HT1 

.83 

.37 

B 

65.2 

1.14 

.51 

.74 

.33 

ACCELERATION  TESTS 

Accoloratlng  time,  hoc: 

To  32  kra/hr  (20  mph)  14 
To  48  km/hr  (30  mph)  29 


TRACTION  TESTS 
Load,  N (lbl): 

Battery  charged  2400  (540) 

40-Percent  baltory  discharge  2200  (495) 
80-Porcent  battery  dlscharco  2160  (4851 


RELIABILITY  TESTS 

Date  Typo  of  breakdown 

2/2/77  Obtained  only  SO  percent  of 

__  expected  rancra  on  49.9-km/h 

_____ __  (31-mph)  teat.  Battery  specif- 

. ic  gravities  show  only  one-half 

________  of  battery  pack  discharged. 

2/1/77  .Charger  did  not  start. 


Remarks 

Ng.qgygQ  found, Problem  did 

,»ofc.r<?gur. Replaced  diode. 


in-controls 

ler  stuck.  Problem  recurred 
several  times. 


Theaa  tests  pot  used  to  establish  range  of  vehicle. 
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Vehicle 

P-2 

Dates  tested 

4/6/77 

to  4/26/77 

Test  faculty 

Dynamic  Science 

Tested  by 

NASA  Lewis 

RANGE  TESTS 

Constant  speed 

Driving  cycle 

Test  speed 

Rango 

Energy 

Schcdulo 

Rango 

Energy 

consumption 

consumption 

km/h  mph 

km 

rotlcB 

MJ/km 

kWh/mUo 

km  miles 

MJ/km  kWh/ mile 

40.2  25 

18B 

0.28  > 

B 

124  77.1 

40.2  25 

187 

116.5 

.58 

.26 

B 

134  83.0 

.78  .35 

56.3  35 

128 

79.8 

.67 

.30 

56.3  35 

129 

«7B 

.35 

■ — 

ACCELERATION  TESTS 

Accoloratlng  llmo,  soc: 

To  32  kra/hr  (20  mph)  9.3 
To  48  km/hr  (30  moh)  34.3 


TRACTION  TESTS3 

Load,  N (Ibl): 

Battery  charged 
40-Perccnt  battery  discharge 
80- Per  cent  battery  discharge 


RELIABILITY  TESTS 


Date 

4/19/77 


Typo  of  breakdown 

Smoke  came  from  charger  after 
2-3  hours  on  charge* 


4/27/77  Smoke  was  observed  coming  from 

_______  hood  during  tractive  force 

tests . 


Remarks 

No  cause  found.  Suspect  90°F 
ambient  temperature  in  garage 

was  too  high* 

Tractive  force  tests  dlscon- 
t inue  d . 


Vehicle  broke  traction  at  5070  N (1140  lbf)  in  first  and  second  gears. 


273 


Vehicle  P-3 

Dales  tented  1/27/77  to  3/21/77 


Test  facility  Dvnanlg_.nelnncn 
Tested  by  NASA  Lewis 

DANCE  TESTS 

Constant  speed  Driving  cycle 


Teat  speed 

Range 

Enorgy 

consumption 

Schedule 

Range 

Energy 

consumption 

# 

km/h 

mpb 

km 

miles 

Mj/km 

kWb/tnilo 

km  , 

miles 

MJ/km  kWb/mllc 

40.2 

25 

76.4 

47.5 

1.45 

0.65 

B 

53.3 

33.1 

1.83  0.62 

40,2 

25 

80,9 

50,3 

— - 

Ba 

52.1 

32.4 

1.72  .77 

56,3 

35 

57.3 

35.6 

1.57 

.70 

C 

46.8 

28 

1.61  .75 

56,3 

35 

55.5 

34.5 

1.03 

.46 

Ca 

37.0 

23.2 



72.4 

45 

42.0 

26.1 

2.06 

.92 

c37 ^ 

30.6 

19.0 

72.4 

45 

36.8 

22.9 

1.48 

.66 

23.0 

14.3 

2.98  1.33 

ACCELERATION  TESTS 

Accelerating  timo,  sec: 

To  32  km/hr  (20  mph)_ 

7.2 

To  48  km/hr  (30  mnh)  16. S 

TRACTION  TESTS  ° 

Load,  N (IbR: 

Battery  charged 

40- percent  battory  discharge _ 
80-Porccnt  battory  discharge  _ 


RELIABILITY  TESTS 


Date 

1/23/77 


1/28/77 


2/7/77 

2/8/77 

2/11/77 


3/22/77 


Typo  ol  breakdown 
12-Volt  charger  wire  smoked 

during  charge  cycle. 

Recurrence  of  fluid  circuit 
failure. 

Chargor  failed. 

Chargor  failed. 

During  maximum  acceleration 
motor  field  circuit  failed. 
Charger  failed. 


Remarks 

Microowltch  and  field  circuit 
components  failed. 

Parte  replaced  and  changas  made 
to  circuit  by  manufacturer. 

Cause  not  determined. 

Cause  not  determined. 

Was  rebuilt  by  manufacturer. 


Cause  not  determined . 


aWithout  regenerative  braking. 

^Theso  tests  not  used  to  establish  range  of  vehicle.  (Battery  appeared  to  be 
deteriorating.) 

cTests  not  conducted  due  to  charger  breakdown. 
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Vehicle 

P-4 

Dates  tested 

3/23/77  to  4/26/77 

Test  facility 

Dynamic  Science 

Tcatcd  by 

NASA  Lewis 

RANGE  TESTS 


Conalont  opted  Driving  cycle 


Test  speed 

Range 

Energy 

i-onaumptlon 

fathcdule 

Range 

Energy 

consumption 

km/h 

mph 

km 

miles 

Mj/km 

kWh/m  lie 

km 

miles 

MJ/ltm 

kWh/ mile 

40.2 

25 

43.  3 

26.9 

1.63 

0.73 

B 

32.2 

20.0 

1.86 

0.83 

25 

61.5 

3R.2 

tmm 

.49  ... 

Ba 

32.0 

20.4 

. 2.19 

.98 

25 

in 

1.28 

.57 

25 

40.1 

.96 

.43 

56.  3 

35 

36.2 

22.5 

1.54 

.69 

356.  3 

35 

26.7 

Liii- 

1.68 

.65 

56.3 

35 

23.2 

.75 

ACCELERATION  TESTS 

Accelerating  time.  see. 
To  32  km/hr  (20  mph)_ 
To  48  km/hr  (30  mph)_ 


TRACTION  TESTS 
Load,  N (IbfV 

Bnttory  charged 2670  (600) 

40- Percent  battery  discharge  2940  (660) 

80- Percent  battery  discharge  2940  (660) 


RELIABILITY  TESTS 


Date  Type  of  breakdown 

3/23/77  In  fourth  gear,  controller 

thermal  cutout  comes  on 

and  off, 

3/29/77  Motor  overheated  during  64.4- 

km/h  (40-mph)  test. 


4/15/77  Controller  cooling  fan  threw 

blade. 


Remarks 

Decided  not  to  operate  vehicle 
in  fourth  gear  because  of  ex- 
cessive current  draw. 

Decided  to  hold  maximum  speed 
at  56.3  km/h  (35  roph)  for 

future  teato.  

Replaced  blade. 


aThese  tests  not  used  to  establish  range  of  vehicle. 
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Vchfcto 

P-5 

Dales  tested  __ 

4/13/77  to  4/27/77 

Tost  facility 

Dynamic  Science 

Tested  by 

NASA  Lewis 

IMNGE  TESTS 


Constant  speed  Driving  cycle 


Test  speed 

Range 

Energy 

consumption 

Sthcdulo 

Range 

Energy 

consumption 

km/h 

mph 

km 

mlloB 

MJ/km  kWh/mlle 

km 

miles 

MJ/km  kWh/mlle 

40.2 

25 

41.8 

26.0 

0.69  0.31 

B 

40.5 

25.2 

0.72 

0.32 

40.2 

25 

43.0 

26.7 



B 

37.7 

23.4 

.85 

.38 

ACCELERATION  TESTS 

Accoloratlng  tlmo,  hoc: 

To  32  km/hr  (20  mnh)  7 » 9 

To  48  km/hr  (30  mph) 

TRACTION  TESTS  a 

Load,  N (lbi): 

Battery  charged  . 

40-Porccntbattory  discharge 
80-Porcent  battery  discharge 

RELIABILITY  TESTS 

Date  Typo  of  breakdown  Remarks 

4/14/77  Thermal  overload  circuit  breaker  Ambient  temperature  was  29°C 

___________  cut  out  during  40.2-km/h  (25-mph)  (85°F).  No  recurrence. 

. range  test.  - 


aTests  not  conducted. 
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Vehicle 

P-6 

Dates  tested 

3/4/77  to  4/26/77 

Test  facility 

Dynamic  Science 

Tested  by 

NASA  JPL 

RANGE  TESTS 

Constant  speed 


Test  speed  Range  Energy 

consumption 


km/h 

mph 

km 

miles 

MJ/km 

kWh/mllc 

40.2 

25 

162.0 

101.2 

0.67 

0.30 

40.2 

25 

163.3 

.54 

.24 

56.3 

35 

152.4 

94.7 

mm 

.27 

D56. 3 

35 

117.6 

73.1 

.69 

.31 

56.3 

35 

130.2 

.67 

72.4 

45 

121.2 

75.3 

.74 

.33 

72.4 

45 

107.3 

66.7 

.70 

.35 

.Max  i- 
Max. 

opcedc 

speed® 

05.0 

52.0 

.94 

.42 

09.6 

55.7 

Driving  cycle 

Schedule  Range  Energy 

consumption 


km 

miles 

MJ/km 

kWh/milc 

BQ 

105.2 

65.4 

0.89 

0.40 

B 

.78 

.36 

CQ 

89.6 

55.7 

.45 

Ca 

97.7 

.96 

.43 

66.5 

.94 

.42 

c 

119.2 

74.1 

.81 

.36 

c 

127.0 

78.9 

.74 

.33 

ACCELERATION  TESTS 

Accelerating  time,  sec; 

To  32  km/hr  (20  mold  7 » 4 
To  48  km/hr  (30  mph)  14 

TRACTION  TESTS  d 
Load,  N (Ibf): 

Battery  charged 

40- Percent  battery  discharge _ 
80-Porceut  battery  discharge  _ 


RELIABILITY  TESTS 

Date  Type  of  breakdown 


Remarks 


3Without  regenerative  braking. 

bThese  tests  not  used  to  establish  range  of  vehicle. 

cVaries  from  75.6  km/h  (47  mph)  to  93.3  km/h  (58  mph)  due  to  grade. 

dTests  not  conducted. 
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Vehicle 

P-7 

Dates  tested 

6/17/77  to  7/15/77 

Tost  facility 

Trannoortation  Roneareh  Center 

Tested  by 

NASA  Lewie 

RANGE  TESTS 


Constant  u peed  Driving  cycle 


Test  speed 

Rfjngo 

Energy 

Sthcdulo 

Range 

Energy 

consumption 

consumption 

km/h 

mph 

km 

miles 

Mj/km 

kWh/milc 

km 

miles 

MJ/km 

kWh/mile 

40.2 

25 

83.7 

52.1 

2.15 

0.96 

B 

52.8 

32.8 

1.43 

0.64 

40.2 

25 

53 

— 

— 

Bu 

47.9 

29.8 

2. OB 

.93 

56.3 

35 

67.6 

42 

.45 

C 

47.1 

29.3 

1.95 

.87 

56.3 

35 

73.2 

45.5 

Ca 

40.5 

25.2 

1.90 

.85 

82 

51 

Dfi  • y 
51.2 

Jfl  ♦ L 

31.8 

1.43 

.64 

c 

48.4 

30.5 

30.1 

— 

Ca 

47.8 

29.7 

— 

— 

ACCELERATION  TESTS 

Accoloratlng  time,  see: 

To  32  km/hr  (20  mph) 8 

To  48  km/hr  (30  mph) 17 

TRACTION  TESTS  b 
Load,  N flbl): 

Battery  charged 

40-Poreent  battery  discharge  __ 
80-Porcent  battery  discharge  _ 


RELIABILITY  TESTS 


Dato 

6/7/77 

6/8/77 

6/10/77 

*6/15/77 


Typo  of  breakdown 
Charger  (low  charge  rate) . 
Charger  (low  rate  at  end  of 
charge) . 

Controller  failed. 
Controller  failed. 


6/17/77 

6/18/77 

6/29/77 

7/S/77 


Charger  cut  out. 


Chargor  cut  out. 


Charger  failed, 


Controller  cut  out. 


^Without  regenerative  braking. 
bTests  not  coftclucted. 


Remarks 

Removed  one  choke. 

Removed  one-half  of  other 

choke. 

Replaced  controller. 

Rotated  motor  brushes;  replaced 
coil. 

Added  resistance  in  supply  line. 
Added  one-half  o.f  choke. 

Replaced  controller. 
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Vehicle  P-8  VehicleA , 

DntcG  tested  May  19',e_ — 

Test  rnrtittv  Transportation  Research  Center 
Tested  bv  NASA  Lewis  . 


RANGE  tests 

Teat  speed 

km/h  mph 

40.2  25 

85.3 


Constant  speed 

Range  Energy 

consumption 

km  miles  MJ/km  kWh/mile 
90.7  56.4  1.25  0«56 

5T  32.7  20.3  1 . 50  »1Z 


Driving  cycle 

Sthcdule  Range  Energy 

consumption 

km  miles  MJ/km  kWh/mile 
C 34.8  21.6  . 


ACCELERATION  TESTS 

Accelerating  time,  sec: 

To  .12  km/hr  (20  mph) 

To  <18  km/hr  (30  mphi  *3_ 

TRACTION  TESTS  a 
Load,  N (Ibf); 

Battery  charged 

40- Percent  battery  discharge 
80-Porccnt  battery  discharge 


RELIABILITY  TESTS 
Date 


Type  of  breakdown 


Remarks 


aTostG  not  conducted. 
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Vehlclo 

P-8  Vehicle  B 

Dates  tested  _ 

May  1975>  5/17/76  to  7/21/76 

Test  facility^ 

Transportation  Research  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS 


Constant  speed 


Test  speed  Rango  Enorgy 

consumption 


km/h 

1975s 

a56.3 

b72.4 

mph 

km 

miles 

Mj/km 

kWh/milo 

35 

54.7 

44.6 

34.0 

27.7 

— — 

— 

45 

........ 



1976i 

®40.2 

25 

68.7 

42.7 

1.07 

0.48 

“56.3 

35 

56.8 

35.3 

— 

a72.4 

45 

45.9 

28.5 

1.25 

.56 

d85.3 

53 

35,7 

22.2 

1.32 

.59 

Driving  cycle 


Schedule 

Range 

Energy 

consumption 

km  miles 

MJ/km  kWh/milo 

1976  s 

Cc 

31.5  19.6 



ACCELERATION  TESTS 

Acceloratlng  time,  bcc; 

To  32  km/hr  (20  mph)_ 

To  48  km/hr  (3  raph)_ 

TRACTION  TESTS  e 

Load,  N (lb I): 

Battery  charged 

40-Percent  battery  discharge 

80- Percent  battery  discharge 

RELIABILITY  TESTS 

Date  Type  of  breakdown  Remarks 

1975  Motor  1 failed. 

1976  Motors  2 and  3 failed. 


(1976) 

7 

16 


aMotor  1 
bMotor  2, 
cMotor  3. 


^Motor  4. 

eTests  not  conducted . 
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Vchlclo 

P-9 

Dates  tested 

5/13/77  to  5/22/77 

Test  facility 

Aberdeen  Provinq  Ground 

Tested  by 

MERADCOM 

RANGE  TESTS 


Constant  speed  Driving  cycle 


Teat  speed 

Range 

Energy 

Schedule 

Range 

Energy 

consumption 

coneumption 

km/h 

mph 

km 

miles 

MJ/km 

kWh/m  lie 

km 

miles 

MJ/km  kWh/mile 

40.2 

25 

59.6 

37.0 

1.07 

0.48 

B 

33.6 

20.9 

UI 

40.2 

25 

61.7 

3B.4 

.47 

B 

32f2 

1 ,68 

J75_ 

56.3 

56.3 

35 

42.5 

26.4 

1.21 

.54 

C 

35.4 

At  6? 

.72 

35 

45.1 

1.18 

.53 

C 

IHeIlruI 

1.69 

.76 

46 

36.3 

22.9 

1.56 

.70 

77,2 

48 

36.7 

22.8 

1.47 

.66 

ACCELERATION  TESTS 
Accelerating  time,  sec: 

To  32  km/hr  (20  mnh)  H 

To  4B  ktn/hr  (30  mnh)  20 

TRACTION  TESTS 
Load,  N (lb!)-- 

Battery  charged 5250  (1180) 

40- Percent  battery  discharge  5430  (1220) 

80-Porcent  battery  discharge  4230  (950) 


RELIABILITY  TESTS 


Date  Typo  of  breakdown 
4/8/77  Low  battery  capacity. 
4/28/77  Low  battery  capacity. 


5/6/77  One  battery  with  low  capacif-y. 
5/11/77  Battery  charge  terminated  pre- 
maturely. 


Remarks 

Replaced  throe  batteries. 

Replaced  all  batteries  with 
different  make. 

Replaced  one  battery. 
Manufacturer's  representative 
replaced  control  In  charger 
and  readjusted. 
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Vehicle 

P-10 

DateB  teBted  _ 

July  1976 

Test  facillty_ 

Transportation  Research  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS 


Constant  speed 

Test  speed  Range  Energy 

consumption 


km/h 

mph 

km 

miles 

MJ/km 

kWh/railo 

19.3 

12 

68.5 

42.6 

__ 

29.0 

18 

85.0 

52.8 

_ 

____ 

40.2 

25 

_5_7_._4 

35.7 

_____ 

51.5 

32 

39.9 

24.8 

— 

— 

Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/km  kWh/mile 

B 32.3  20.1  

C 31.4  19. S 


ACCELERATION  TESTS 

Accelerating  time,  bcc: 

To  32  km/hr  (20  mph) 7 

To  48  km/hr  (30  mph)  22 

TRACTION  TESTS  3 
Load,  N (lbl): 

Battory  charged . 

40- Percent  battory  discharge  _ 
80- Porccnt  battery  dIschargo_ 


RELIABILITY  TESTS 

Date  Typo  of  breakdown  Remarks 


a Tests  not  conducted. 
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P-11 

August  1976 

Dana  Technical  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS3 

Constant  speed 

Test  speed  Range  Energy 

consumption 

km/h  mph  kra  miles  MJ/kra  kWh/raUn 
64.4  40  129.0  80.2  


Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/km  kWh/ralle 
D 54.9  34.1  


ACCELERATION  TESTS  b 
Accelerating  time,  see: 

To  32  km/hr  (20  mph) , 

To  48  km/hr  (30  mph) •- — 

TRACTION  TESTS  b 

Load,  N (lbl): 

Battery  ^hnrircd 

40- Percent  baltory  discharge  — 

80- Percent  battery  discharge — — 

RELIABILITY  TESTS 

Date  Typo  of  breakdown 

Motor  failtiro  with  Ni-Zn  bat- 
~~  torv  toot.  


Remarks 


aTOBta  conducted  with  Exido  EV-106. 
^Testo  not  conducted. 
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Vehlclo 

U-A  

1/17/77  to  4/1/77 

nuppimin  Science  , 

RANGE  TESTS 


Test  speed 


Constant  speed 
Range 


kra/h 

Low  gear: 
40.2 

mph 

25 

km 

105 

miles 

65.4 

MJ/km 

1.70 

40.2 

25 

66.1 

1.39 

59.5 

37 

81.1 

59.5 

37 

71.8 

59.5 

37 

83.5 

51.9 

2.17 

High  gear 

"72.4 

45 

47.1 

29.3 

2.84 

72.4 

45 

55.2 

34.3 

3.40 

72.4 

45 

52.9 

32.9 

83.7 

52 

37.0 

83.7 

52 

33.8 

Enorgy 

consumption 

kWh/mlle 

0.76 
.62 
.99 
1.03 
.97 


1,27 

1.52 

1.35 

1.59 

2.01 


Driving  cycle 


Schedule  Range  Energy 

consumption 


km 

miles 

MJ/km  kWh/mllo 

B 

76.4 

47.5 

2.46 

1.10 

B 

82.4 

51.2 

2.44 

1.09 

C 

63.7 

39.6 

2.73 

1.22 

c 

63.6 

39.5 

3.11 

1.39 

ACCELERATION  TESTS 

Accelerating  time,  see: 
To  32  km/hr  (20  raph). 
To  48  km/hr  (30  mph). 


TRACTION  TESTS  a 
Load,  N (Ibf): 

Battery  rfinrEcd  — 

40-Percent  battery  discharge 
80- Percent  battery  discharge 


RELIABILITY  TESTS 


Date 

1/30/77 

2/11/77 


4/1/77 


1/30/77 


Typo  of  breakdown 

Charger  timer  and  12- volt  bat- 
tery charger  nob  working.  _ 
3QQ-A  motor  circuifa  fuse  blew_ 
after  8 minutes,  ab  S3. 7 ktn/h_ 
(52  mphl . 

400-A  motor  circuit  fuse  blew 
afber  about  2 seconds  while 
attempting  tractive  forco  beats. 
Chargor  timer  and  1 2 -vo 1 t bat^ 
terv  charger  not  working.  — . 


Remarks 

Timor  not  used.  Twelve-volt 
battery  charged  separately. 
Manufacturer  rocommendod  re-  ___ 
placing  fuse  with  400-A  funo_._ 

Tractlvo  forco  tost  drew  exces- 
sive current  - over  1000  A. 

Timor  wan  not  used.  Twolve-volt 
battorv  charged  separately. 


aNot  able  to  conduct  tractive  force  boats. 
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Vehicle 

Dates  tested 
Test  facility. 
Tested  by 


C-2 

3/14/77  to  3/29/77 
Dynamic  Science 
NAS 7V  Lewis 


RANGE  TESTS 

Constant  speed 

Test  speed 

Range 

km/h 

mph 

km 

miles 

40.2 

25 

70.8 

44.0 

25 

49.8 

25 

48.3 

30 

64.4 

48.3 

30 

61.9 

38.5 

Energy 

consumption 

MJ/kra  kWh/ mile 
0.59 


1.32 

1.16 


.52 


.58 


.56 


Driving  cycle 


Schedule 

Range 

Energy 

consumption 

km 

miles 

MJ/km  kWh/ mile 

B 

57.1 

35.5 

2.26  1.01 

Ba 

53.9 

33.5 

1.79  .80 

Da 

51.8 

32.2 

1.88  .84 

ACCELERATION  TESTS 
Accelerating  time,  sec: 

To  32  km/hr  (20  mph) ® 

To  48  km/hr  {30  mph) 23_ 


TRACTION  TESTS 


Load,  N (lbl>i 
Battery  charged. 


2730  (615) 


40- Percent  battery  discharge. 
80- Porccnt  battery  dlschargo. 


2730  (615) 


2710  (610) 


RELIABILITY  TESTS 


Dato 

3/8/77 


3/30/77 


Typo  of  breakdown 
No  controller  output  after 

48. 3-km/h  (30-roph)  teat. 

Recurrcnco  of  controller  prob- 
lem following  traction  tosta__at 
0-pnrcanb  discharge  and  lust  _ 
before  SO-perccnt  dlschargo 

tooto. 


Remarks 

Recovered  after  pitting  for 
15  minutes.  — 

Recovered  after  sitting  15 
minutes.  No  cause  of  problem 
has  been  found.  - 


aWithout  regenerative  braking. 
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Vehicle 

C-3 

Dates  tosted 

5/10/77  to  6/22/77 

Test  facility 

Transoortation  Research  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS 


Constant  speed 


Test  speed 

Range 

Energy 

consumption 

km/h 

40.2 

mph 

25 

km 

110 

miles 

68.5 

MJ/km 

kWh/mllo 

40.2 

25 

125 

— 

40.2 

25 

117 

72.5 



_ — 

40.2 

25 

119 

73.8 

1.32 

0.59 

56.3 

35 

89.0 

55.3 

— 

— 

56.3 

35 

52.9 

— 

— 

69.2 

43 

57.1 

35.5 



69.2 

43 

60.7 

37.7 

_____ 

____ 

69.2 

43 

71.0 

44.6 

— 

— 

ACCELERATION  TESTS 

Accelerating  time,  see: 

To  32  km/hr  (20  rnohl  7 . 2 
To  43  km/hr  (30  mohl  14 . 2 


Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/km  k\Vh/mlle 


B 

68.4 

42.5 

— 

— 

B 

75.0 

47.1 



B 

— zn — 

70.5 

43.8 

2.28 

1.02 

BQ 

64.5 

40.1 

2.18 

.976 

C 

46.7 

29.0 

........ 

— 

c 

40.4 

30.1 





ca 

48.1 

29.9 



ca 

46.3 

28.8 

____ 

— 

TRACTION  TESTS 


Load,  N (lbf): 

Battery  charged 

40-Porccnt  battery  discharge 
80-Porccnt  battery  discharge 


4270  (960) 
3870  (870) 
3740  (840) 


RELIABILITY  TESTS 

Date  Type  of  breakdown 


Remarks 


Without  regenerative:  braking. 
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Vehicle 1 Cl — 

Dates  tested  5/16/77  to  6/13/77  

Test  facility  Transportation  Research  Center^ 
Tested  bv  NASA  JPL 


RANGE  TESTS 


Constant  speed 

TeBt  speed  Range  Energy 

consumption 


km/h 

mph 

km 

miles 

MJ/km 

kWh/ mile 

40.2 

25 

71.1 

44.2 

1.48 

0.66 

E('M 

25 

68.9" 

42.8 

1.54 

.69 

mm 

25 

73.1 

45.4 

1.43 

.64 

56.3 

35 

57.8 

35.9 

1.8  3_ 

.82 

56.3 

35 

58.1 

36.1 

1.83 

.82 

Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/km  kWh/mile 
Ba  40.2  25. 2.66  1.19 

“i5  39.3  24.4  2.66  1«I9 


ACCELERATION  TESTS 

Accelerating  time,  sec: 

To  32  km/hr  (20  meh)  8.1 
To  <18  Um/hr  (30  mnh)  IB. 8 


TRACTION  TESTS  b 
Load,  N (lbf) : 

Battery  charged 

40-Porcent  battery  discharge 
80- Percent  battery  discharge 


RELIABILITY  TESTS 

Date  Type  of  breakdown 

Battery  problems. 


Charger  failure. 


Remarks 


aAll  testa  with  regenerative  braking. 
^Teats  not  conducted. 
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Vehicle 

C-5 

Dates  tested 

6/23/77  to  7/18/77 

Test  facility 

Transportation  Research  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS 


Constant  speed 

Driving  cycle 

Test  speed 

Range 

Energy 

consumption 

Schedule 

Range 

Energy 

consumption 

km/h 

mph 

km 

miles 

MJ/km 

kWh/mile 

kra 

miles 

MJ/km  kWh/milo 

40.2 

a25 

73.7 

45.8 

1.39 

0.62 

B 

56.0 

34.8 

1.59 

0.83 

40.2 

a25 

69.5 

43.2 

1.34 

.60 

B 

57.6 

35.8 

1.88 

.84 

a25 

71.3 

44.3 

1.79 

.80 

Ba 

51.3 

31.8 

2.10 

.94 

59.5 

q37 

60.2 

37.4 

1.36 

.61 

Ba 

52.5 

31.8 

2.15 

.96 

59.5 

a37 

61.8 

38.4 

1.32 

.59 

C 

57.6 

35.8 

1.74 

.78 

C 

57.3 

35.6 

1.74 

.78 

ca 

44.9 

27.9 

2.21 

.99 

ca 

44.1 

27.4 

2.10 

.94 

b 

ACCELERATION  TESTS 

Accelerating  timo,  sec: 

To  32  km/hr  (20  mph) 

To  4B  kra/hr  (30  mph)  9 

TRACTION  TESTS® 

Load,  N (Ibf): 

Battory  charged 

40-  Per  cent  battery  discharge 

80-Percent  battory  discharge  

RELIABILITY  TESTS 

Pnto  Type  of  breakdown  Remarks 

6/15/77  Delivered  with  three  bad Replaced  three  batteries. 

______  batteries. 

7/14/77  Charger  failed. 

7/22/77  Differential  failed. 


•nit  regenerative  braking. 
bTests  conducted  by  manufacturer, 
differential  failed  during  test. 
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Vehicle zZl 

Dates  tested  8/16/76  to  8/20/76  _ 

Test  facility  Transportation  Research  Center 

Tested  bv  NASA  Lewis 


RANGE  TESTS 


Constant  speed 

TeBt  speed  Range  Energy 

consumption 


km/h 

32.2 

48.3 

mph 

20 

30 

km 

112.3 

miles 

69.8 

MJ/km 

kWh/mlle 

74.7 

46.4 



— 

KA-A 

64.5 

msm 

Driving  cycle 


Schedule 

Range 

Energy 

consumption 

km 

miles 

MJ/km  kWh/mlle 

Aa 

41.5 

25.8 

— ~~ — 

B 

C 

37.5 

23.3 

1 ' 1 

ACCELERATION  TESTS 

Accolerating  time,  soc: 

To  32  km/hr  (20  mph) & 

To  48  km/hr  (30  tnnht  C16 


TRACTION  TESTS 


Load.  N (lbO: 

Battery  charged 

40- Percent  battory  discharge. 
80- Percent  battery  discharge. 


d5780  (1300) 


5780  (1300) 


5780  (1300) 


RELIABILITY  TESTS 
Date 


Typo  of  breakdown 


Remarks 


^est  discontinued  due  to  discharge  of  12-V  battery. 
bSecond  gear. 
cThird  gear. 
dPirst  gear. 
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Vehlclo 

C-7 

Dates  tosted 

7/19/77  to  8/25/77 

Test  facility 

Aberdeen  Proving  Ground 

Tested  by 

MERADCOM 

RANGE  TESTS 


Constant  speed 


TeBt  speed  Range  Energy 

consumption 


km/h 

mph 

km 

miles 

Mj/km 

kWh/mllo 

40.2 

25 

114.2 

71.0 

0.87 

0.51 

25 

127.4 

79.2 

1.01 

.45 

55.3 

35 

98.2 

1.01 

.45 

55.3 

35 

63.1 

.96 

.43 

Driving  cycle 

Schedule 

Range 

Energy 

consumption 

km 

miles 

MJ/km  kWh/ mile 

B 

100.2 

62.3 

1.01  0.45 

B 

106.1 

65.9 

.93  .41 

C 

91.4 

56.8 

1.04  .46 

c 

86.9 

54.0 

1.14  .51 

ACCELERATION  TESTS 

Accelerating  time,  sec: 

To  32  km/hr  <20  mchl  10 
To  48  km/hr  (30  mph)  17 

TRACTION  TESTS 
Lond,  N (ibf): 

Battery  charged 

40-Porccnt  battery  discharge 
80- Percent  battery  discharge 


RELIABILITY  TESTS 

Date  Type  of  breakdown 


Remarks 
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C-8 

Dates  teated 

6/23/77  to  7/13/77 

Aberdeen  Provinq  Ground 

Tested  by 

MERADCOM 

RANGE  TESTS 


Test  speed 


Constant  speed 
Range 


Energy 

consumption 


Schedule 


Driving  cycle 
Range 


Energy 

consumption 


km/h 

40.2 

mph 

25 

km 

56.8 

miles 

35.3 

MJ/kra 

1.01 

kWh/mile 

0.45 

B 

km 

42.2 

miles 

26.2 

Mj/km  kWh/mile 
1.45  0.65 

25 

55.2 

34.3 

.45 

B 

46.9 

29.2 

1.27 

.57 

Max,  apeeda 

41.5 

25.8 

.87 

.39 

Max.  speed*3 

28.6 

1.21 

.54 

ACCELERATION  TESTS 

Accelerating  time,  sec  ; 

To  32  km/hr  (20  mph) 1 

To  4B  km/hr  (30  mnh)  22 

TRACTION  TESTS  C 
Load,  N (Ibf): 

Battory  charged 

40- Percent  battery  discharge  _ 
80- Porccnt  battery  discharge  _ 


RELIABILITY  TESTS 

Date  Type  of  breakdown  Remarks 

6/29/77  On-board  chargor  not  adequate.  Substituted  off-board  MERADCOM 

charger. 


aAverago , 49.7  kra/h  (30.9  mph). 

^Average,  50.4  km/h  (31.3  mph). 

cCould  maintain  speed  of  12.9  to  13.7  km/h  (8.0  to  8.5  moh)  up  20-percent  grade. 
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Vehicle 

C“9 

Dates  tested 

April  1976 

Test  facility 

Dana  Technical  Center 

Tested  by 

NASA  Lewis 

RANGE  TESTS 

Constant  speed 

Driving  cycle 

Test  speed 

Range  Energy 

consumption 

Schedule  Range  Energy 

consumption 

km/h  mph 

km  miles  MJ/km  kWh/mile 

km  miles  MJ/km  kVVh/mile 

32.2  20 

47.3  2D. 4 

B 33.9  21.1  

m 


ACCELERATION  TESTS 

Accelerating  time,  sec; 

To  32  km/hr  (20  mphl  6 
To  4,1  km/hr  (30  mph)  14 

TRACTION  TESTS  a 
Load,  N (lbl): 

Battery  charged 

40- Percent  battery  discharge 
80- Percent  battery  discharge 


RELIABILITY  TESTS 

Date  Type  of  breakdown  Remarks 


aTeets  not  conducted. 
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Vehicle 

Dates  tested 
Test  facility^ 
Tested  by 


C-10  

9/24/76  to  9/30/76 
Dana  Technical  Center 
NASA  Lewis 


RANGE  TESTS 


Test  speed 


km/h  mph  km 
48.3  30  164 


Constant  speed 

Range  Energy 

consumption 

km  miles  Mj/km  kWh/mile 


Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/lm  kWh/mile 


ACCELERATION  TESTS 

Accelerating  time,  sec: 
To  32  km/hr  (20  mph)_ 
To  48  km/hr  (30  mph). 


TRACTION  TESTS 
Load,  N flbl): 

Battery  charged, 

40- Percent  battery  discharge, 
80-Pcrccnt  battery  discharge 


5560  (12501 
5560  (1250) 
5560  (1250) 


RELIABILITY  TESTS 


Typo  of  breakdown 


Remarks 


Without  regenerative  braking. 
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Vehicle 

C-ll 

Dates  toBtcd 

8/31/77  to  9/8/77 

Tost  facility 

Aberdeen  Proving  Ground 

Tested  by 

MERADCOM 

RANGE  TESTS 


Constant  spaed 

Test  speed  Range3  Energy 

consumption 


km/h 

mph 

km 

miles 

MJ/km 

kWh/mile 

40.2 

25 

60.8 

37.8 

0.62 

0.28 

40.2 

25 

60.0 

37.3 

.62 

.28 

55.3 

35 

45.5 

28.3 

.82 

.37 

Driving  cycle 

Schedule  Range  Energy 

consumption 

km  miles  MJ/ktn  kWh/milo 
B 37.8  23. S 1.14  0.51 

C 32.8  20.4  1.14  .51 


ACCELERATION  TESTS 

Accelerating  time,  sec: 

To  32  km/hr  (20  mpb) 

To  48  km/hr  (30  mph) 

TRACTION  TESTS  b 
Load,  N (lbf): 

Battery  charged 

40- Percent  battery  discharge 
80- Percent  battery  discharge 


RELIABILITY  TESTS 

Date  Typo  of  breakdown 


Remarks 


aAll  range  readings  are  from  vehicle  odometer. 
Tests  not  conducted. 
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Vehicle 

Dates  tested 

Test  facility 

Tested  by. 

RANGE  TESTS 


Test  speed 


C-12  (two  vehicles) . 

-T5.l^7La°nIerlng7Test  Establishment,  utrawa,  Canada 
Canadian  Dept,  of  National  Defence 
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Vehicle 

P-2  ICE 

Test  weight 

1017  kq  (2260  Iba) 

Dates  tested 

8/1/77  to  8/5/77 

Test  facility 

Transportation  Research  Center 

Tested  by 

NASA  Lewis 

FUEL  CONSUMPTION  TESTS 


Test  speed 

Fuel  consumption 

km/h 

mph 

m3/km 

gal/mllo 

40.2 

25 

42.8 

0.0182 

40.2 

25 

43.0 

.0183 

40.2 

25 

68.9 

.0293 

CO 

40.2 

25 

62.3 

.0265 

to 

G\ 

40.2 

25 

07.7 

.0373 

56.3 

56.3 

35 

35 

4d.9 

49.4 

.0208 

.0210 

56.3 

35 

70.3 

.0299 

72.4 

45 

56.5 

.0240 

72.4 

72.4 

45 

45 

55.5 

81.9 

.0236 

.0348 

Schedule 

n 

Fuel  consumption 
m3/km  gal/ralle 
98.1  0.0417 

B 

100.4 

.0427 

c 

83.5 

.0355 

C 

90.8 

.0386 

c 

78.3 

.0333 

D 

68.9 

.0293 

D 

69.9 

.0297 

ACCELERATION  TESTS 

Acceleration  Hire,  see; 

To  32  km/h  (20  mph) 4.9 

To  48  km/h  (30  mph) 7.8 

To  9G  km/h  (GO  mph) 77 . 7 


Vehicle P-7  ICE 

Test  weight  1773  kq  (3940  Iba) 

Dates  tested  7/28/77  fro  8/4/77 

Test  facility Transportation  Research  Center 

Tested  by NASA  Lewis 


FUEL  CONSUMPTION  TESTS 


Test  speed 

Fuel  consumption 

km/h 

mph 

0 

m/km 

gal/mlle 

40.2 

25 

81.4 

0.0346 

40.2 

25 

83.9 

.0357 

56.3 

35 

81.4 

.0346 

56.3 

35 

81.2 

.0345 

72.4 

45 

90.1 

.0383 

72.4 

45 

90.1 

.0383 

82.0 

51 

95.0 

.0404 

82.0 

51 

96.7 

.0411 

Schedule  Fuel  consumption 

A 

m /km  gal/mlle 
B 157.8  0.0671 

B 

159.0 

.0676 

CD 

H3 

B 

182.3 

.0775 

B 

239.2 

.1017 

g 

C 

146.1 

.0621 

CD 

c 

161.1 

.0685 

G 

c 

143.5 

.0610 

B 

D 

118.3 

.0503 

CD 

D 

117.1 

.0498 

ACCELERATION  TESTS 

Acceleration  time,  see: 

To  32  km/h  (20  mph)  4 . 1 
To  48  km/h  (30  mph)  7.1 
To  0G  km/h  (GO  mph)  


INTERNAL  COMBUSTION  ENGINE  VEHICLE 


Vphicle  C-2  ICE  — 

Test  1487  Kg  (33  QS  Ibml _ 

Dates  tested  7/27/77  to  B/4/77 

Test  facility"  Transportation  Research  Center 

Tested  by  RASA  Lewis 


Vehicle  0-3  XCE 

Test  welEfat  20B3  Kg  {4630  Ibm) 

Dates  tested  8/4/77  to  8/5/77 

Test  facility  Transportation  Research  Center. 

Tested  by NftSA.  Lewis 


FUEL  CONSUMPTION  TESTS 

Test  speed  Fuel  consumption 


Schedule  Fuel  consumption 


km/h  mph  m3/km 


40.2  25  93.6 

40.2  25  94.1, 

48.3  30  95.3 

PO  48.3  3Q  97.6 

3 56.3  35  102. B 

72.4  35_  101.4 

B2.0  45  116.0 

82.0  45  117.6 


gal/mllo 

m3/km 

gal/mile 

0.0398 

B 

150.6 

0.0694 

.0400 

B 

163.3 

.0694 

.0405 

C 

142.6 

.0606 

.0415 

C 

140.0 

.0595 

.0437 

D 

133.6 

.0568 

D 

.0493 

.0500 


FUEL  CONSUMPTION  TESTS 


Test 

speed 

Fuel  consumption 

Schedule 

Fuel  consumption 

km/h 

mph 

m3/km 

gal/mile 

m3/km 

gol/mlle 

40.2 

25 

67.5 

0.0287 

B 

147.0 

0.0625 

40.2 

25 

69.9 

.0297 

B 

143.5 

.0610 

40.2 
4Q  ; 2_ 

56.3 

25 

81.9 

.0348 

C 

134.3 

.0571 

25 

83. 9 

.0357 

c 

133.6 

.0568 

35 

76.4 

.0325 

c 

124.4 

.0529 

56.3 

35 

75.5 

.0321 

D 

123.7 

.0526 

56.3 

35 

.0341 

D 

126.3 

.0537 

69.2. 

69.2 

43 

86.6 

.0368 

43 

85.6 

.0364 

72.4. 

72.4 

45 

88.7 

.0377 

45 

88. 4 

.0376 

72.4 

45 

94.6 

.0402 

ACCELERATION  TESTS 

Acceleration  time,  see 
To  32  km/h  (20  mch)  3.3 
To  43  ktn/h  {20  mph)  S . 7 

To  96  km/h  (GO  mch)  20.7 


ACCELERATION  TESTS 

Acceleration  time,  sec: 

To  32  kra/h  (20  mph)  5.8 
To  48  km/h  (30  mph)  10.0 
To  96  km/h  (60  mph)  39.0 
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APPENDIX  B 


HYBRID  VEHICLE  DESCRIPTIONS  AND  TEST  DATA 


This  appendix  gives  a summary  of  the  ^nfo™a^i°"h^afo®bg®chn 
hybrid  vehicles.  Each  vehicle  is  described,  ^ndatablefor  eac 
Chicle  listinq  its  major  characteristics  is  included,  Also 
presented  are  photographs  of  the  vehicles  ("here  availabie)  an 
schematic  diagrams  of  the  propulsion  sterns,  pliable 
oprformance  and  test  data  are  also  included.  Information  on 
eighteen  vehicles  is  presented,  nine  domestic  and  lgn- 

Althouqh  additional  vemcles  have  been  built,  insufficient 
information  on  these  vehicles  has  made  it  impossible  to  include 

them  in  this  assessment. 

A specific  test  for  a hybrid  vehicle  has  not  been  delineated. 

Consequently  the  test  data  available  were  from  several  test 

procedures  .y  Performance  data  are  Procedure 

vehicles , some  of  which  were  tested  to  the  Federal  lest  eroceuu 

and  some  to  a Federal  Highway  Cycle.  One  vehicle  was  tested  t 

nixrcS 6 s r 

Thfdifferent  test  conditions  and  the  wide  differences  among  the 

veh icles  .^However  ,^where  ared  with 

their  conventional  counterparts. 

TEST  PROCEDURES 

In  the  Federal  Test  Procedure  (FTP)  the  vehicle  is  operated 

over  simulated  urban  and/or  highway  start , stoP'  *"11  entire 

cycles.  Fuel  consumption  and  emissions  are  measured  ' . 

the  results  are  presented  as  the  average  fuel  econo  y 
kilometers  per  liter  (mpg)  and  the  average  emissions  in  grams  pe 
KUome-er (g/mile).  Acceleration  or  gradeability  data  were  not 

obtained  from  these  tests. 

The  FTP  (refs.  1 and  2)  was  used  for  the  dynamometer  testing 
of  two  vehicles.  The  FTP  consists  of  four  operating  phase*: 


1 


FPT  operating 
phases 

Duration, 

s 

Distance 

Number  of 
starts 
and  stops 

km 

miles 

Cold  transient 

505 

cn 

. 

in 

3.65 

5 

Stabilization 

867 

6.1 

3.8 

13 

Shutdown  (hot  soak) 

600 

0 

0 

0 

Hot  transient 

505 

5.9 

3.65 

5 

Total 

2477 

17.9 

11.1 

23 

The  cold  and  hot  transient  phases  are  identical  except  for 
the  initial  engine  and  drive  train  temperatures.  In  the  cold 
phase,  the  engine  and  drive  train  start  at  ambient  temperatures; 
in  the  hot  phase,  they  are  at  higher  temperatures  as  a result  of 
the  earlier  operation. 


Each  phase  consists  of  the  specified  number  of  stop-start 
sequences.  In  the  two  "transient”  phases  with  five  sequences 
each,  the  maximum  speed  reaches  90  kilometers  per  hour  (56  mph). 
In  the  stabilization  cycle,  with  13  start-stop  sequences,  the 
speed  never  exceeds  56  kilometers  per  hour  (35  mph).  The  vehicle 
operates  above  42  kilometers  per  hour  (26  mph)  for  about  672 
seconds  and  above  32  kilometers  per  hour  (20  mph)  for  about  1047 
seconds . 


The  Federal  Highway  Cycle  (FHC)  is  a simulated  16.4-kilometer 
(10.2-mile)  test  run  mostly  at  80  kilometers  per  hour  (50  mph) 
with  one  deceleration  to  40  kilometers  per  hour  (25  mph).  Some 
fuel  economy  data  have  been  obtained  for  vehicles  tested  over  this 

cycle. 


One  vehicle  was  tested  to  the  California  Seven— Mode  Emissions 
Test  Procedure.  Since  this  procedure  was  the  predecessor  of  the 
FTP,  they  are  very  similar.  It  requires  idle-accelerat lon- 
deceleration  sequences  in  which  the  same  sequence  is  repeated  nine 
times  with  a 20-second  idle  between  sequences.  Maximum  speed  is 
80  kilometers  per  hour  (50  mph).  The  duration  of  the  test  is  1213 

seconds. 


The  Kordesch  hybrid  sedan  was  tested  at  a test  track  using 
the  ERDA-EHV-TEP  electric  vehicle  test  procedures  described  in 
section  3.2  and  appendix  A.  In  these  tests,  fuel  consumption  an 
battery  depletion  for  the  Kordesch  hybrid  were  measured  for  the 
same'  speeds  and  cycles  that  were  used  for  testing  electric 
vehicles. 


1 


300 


VEHICLE  DESCRIPTIONS 


In  the  remainder  of  this  appendix  the  characteristics  of  the 
18  vehicles  and  test  data  for  6 of  these  vehicles  are  presented. 
Only  the  Kordesch  sedan  and  the  VW  taxi  were  tested  by  NAbA 
specifically  for  this  report.  The  data  for  the  other  four 
vehicles  were  obtained  from  the  literature. 


The  vehicle  descriptions  consist  of  a table  of  vehicle 
characteristics,  a table  of  performance  data  (where  available) , a 
schematic  of  the  propulsion  system,  a photograph  (where 
available),  and  a table  comparing  the  hybrid  vehicle  with  its 
conventional  counterpart  (again,  where  available).  The 
schematics,  photographs,  and  tables  of  comparative  data  are 
numbered  and  referenced  in  the  text. 


Stir-Lec  I and  II 

Stir-Lec  I (ref.  3)  was  built  by  General  Motors  in  1968.  It 
is  a series  hybrid  vehicle  combining  a Stirling  engine  with  an  At. 
electric  drive  system.  A 6-kilowatt  (8-hp)  engine  provides  power 
for  constant  speed  driving  below  48  kilometers  per  hour  (30  mph), 
batteries  supply  the  excess  energy  at  higher  speeds.  The 
prototype  vehicle  was  a converted  1968  Opel  Kadett. 

The  second  generation  hybrid,  the  Stir-Lec  II  (ref • J)'  was 
introduced  in  1969.  In  this  model  the  Stir-Lec  I AC  electric 
drive  was  replaced  by  a DC  system?  and  the  small  Stirling  engine 
drives  an  a!te?nItor  to  charge  the  batteries.  The  battery  output 

is  electronically  modulated  to  control  the h^°rth?ouoh  a^eneral 
15-kilowatt  (20-hp)  DC  motor  drives  the  vehicle  through  a Genera 

Motors  developed,  metal  roller-friction  speed  reducer  and  a 
standarddif ferential . (See  fig.  B-l.  > Since  at  low  speeds  the 
electric  current  input  to  the  motor  is  nearly  equal  to  e.  tfc 
electric  current  output  from  the  generator,  little  if  any  ^ 

depletion  occurs.  Under  more  severe  operating  conditions,  battery 
depletion  will  occur  and  range  will  be  limited.  Tne  fuel  econ  y 
and  emissions  of  the  hybrid  are  compared  with  those  of  a 
conventionally  powered  1973  Opel  Kadett  in  table  B-l.  Despite  low 
emissions  and  fuel  consumption.  General  Motors  did  not  consider 
the  hybrid  commercially  attractive  because  of  its  cost  ana 
complexity,  consequently,  the  project  was  discontinued. 
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VEHICLE  CHARACTERISTICS:  STIR-LEC  II 


Manufacturer.  ........ 

Objective  . . . . - . . . . . 

Vehicle  description 

Body  type  

Model  , . . • • 

Curb  weight,  kg  (Ibm)  . . . 

Hybrid  type  . 

Heat  engine  operating  mode.  . 

Power  train 
Heat  engine 

Type 

Power  at  3000  rpm,  kW  (hp) 
Emissions  controls.  . . . 

Transmission 

Electric  motor 

Type 

Power,  kW  (hp) . ..... 

Electric  generator 

Motor  control  

Engine  control 

Battery 

Type 

Number.  . . 

Voltage,  V 

Weight,  kg  <lbm) 


. General  Motors  Research 

Experimental  hybrid  for  emissions  tests 

Two-passenger  sedan 

Opel  Kadett 

. . 1450  (3200) 

Series 

Continuous?  fixed  power 


. Stirling 

6 (8) 

None 

Roller-friction  speed  reducer 

Series  DC 

. . 15  (20) 

. . Three-phase  AC  alternator 
....  Chopper  speed  control 
(a) 

6-V  SLI,  lead-acid 

14 

84 

227  (500) 


information  not  provided. 


VEHICLE  PERFORMANCE:  STIR-LEC  II 


Acceleration  from  0 to  50  km/h  (30  mph) , s 

Maximum  speed,  km/h  (mph)  : 

Hybrid  mode  ....  . 

Batteries  alone  ...  

Heat  engine  alone  

(a) 

(a) 

Range  at  50  km/h  (30  mph) , km  (miles) : 

Hybrid  mode  ...  

Batteries  alone  

240  (150) 

Fuel  economy  at  48  km/h  (30  mph), 

km/liter  (mpg) 

.13-17  (30  - 40) 

Emissions: 

Driving  cycle  . 

(a) 

Levels,  g/km  (g/mile) : 



CO 

NOx 

. . . . . 0.2  (0.3) 

information  not  provided. 
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TABLE  B-l.  - FUEL  ECONOMY  AND  EMISSIONS  COMPARISON  OF  STIR-LEC  II  AND 


CONVENTIONAL  OPEL  KADETT 
[Test  cycle,  Federal  Test  Procedure [] 


(a)  SI  units 


Vehicle 

H.-at  engine 

Emissions 

controls 

Fuel 
economy 
at  constant 
speed, 
km/liter 

Test 

speed, 

Emissions  level, 
g/km 

lie 

CO 

NOk 

STIR-LEC  II 

6-kilov/att 

Stirling 

None 

13  - 17 

48 

H 

1 

H 

1973  Opel 
Kadett 

1. 9-Liter 
spark 
ignition 
engine 

EGRa 

15 

80 

1 

■ 

(b)  U.S.  customary  units 


Vehicle 

Heat  engine 

Emissions 

controls 

Fuel 
economy 
at  constant 
speed, 
mpg 

Test 

speed, 

Emissions  level, 
g/mile 

HC 

CO 

STIR-LEC  II 

6-kilowatt 

Stirling 

None 

30  - 40 

30 

■ 

1 

1973  Opel 
Kadett 

1.9-Litor 

spark 

ignition 

engine 

EGRa 

35 

50 

1 

■ 

aExhaust  gas  recirculation. 


Figure  B-l.  - General  Motors  Stir-Lec  II  schematic. 
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Minicars 


A hybrid  vehicle  was  built  by  Minicars,  Inc.,  of  Goleta, 
California,  in  1969  to  evaluate  techniques  for  reducing  emissions 
by  minimizing  engine  transients.  It  is  a parallel  hybrid  vehicle 
powered  by  a 15-kilowatt  (20-hp)  DC  electric  motor  and  a 
30-kilowatt  (40~hp)  spark- ignition  engine  (ref.  5). 

The  vehicle  was  tested  both  in  its  initial  configuration  and 
as  a hybrid.  Several  design  variations  were  evaluated  for  the 
hybrid,  including  engine  manifold  air  intake  modifications,  a 
throttle  delay  mechanism,  and  various  battery  voltages.  The 
configuration  of  this  hybrid  is  shown  schematically  in  figure  B-2. 
The  heat  engine  operates  continuously  either  to  charge  the 
batteries  or  to  power  the  vehicle.  Its  engine  speed  is  the  same 
as  the  motor  speed  and  thus  varies  with  vehicle  speed.  A major 
design  contribution  is  in  the  throttle  delay  between  the 
accelerator  pedal  and  the  carburetor  throttle.  This  delay  reduces 
engine  transient  rates  and  thus  helps  reduce  emissions. 

Emissions  and  fuel  economy  test  data  were • obtained  for  the 
Minicar  before  and  after  the  vehicle  modification.  The  data  were 
obtained  on  a chassis  dynamometer  at  the  APCO  Federal  Laboratories 
in  Los  Angeles  in  1970.  The  emission  data  were  obtained  from 
tests  conducted  according  to  the  California  Seven-Mode  Emission 
Test  Procedure.  The  fuel  economy  data  were  obtained  at  constant 
speeds  of  24  to  80  kilometers  per  hour  (15  to  50  mph)  and  at  test 
weights  of  900,  1400,  and  1800  kilograms  (2000,  3000,  and  4000 
Ibm) . The  fuel  economy  data  at  the  three  weights  were  averaged 
and  presented  as  a single  value  for  each  speed.  The  results  are 
shown  in  table  B-2. 


VEHICLE  CHARACTERISTICS : MINICAR 


Manufacturer. 
Objectives. 


Reduce  emissions  by  minimizing 
engine  transients 


Vehicle  description  ^ ^ .Two-passenger  sedan 

Body  type Mini-car 

Model  ...  • • • ■ * * 1450  (3200) 

Curb  weight,  kb  

Parallel 

Hybrid  type 

. • . continuous ; variable  power 

Heat  engine  operating  mode 

No 

Regenerative  braking 

Power  train 

He?ype"gtn?  Six  cylinder;  2.7  liter;  air-cooled 

Power,  kW  * ^ *****  . . None 

Emissions  controls * ’ Three  speed;  automatic 

Transmission 

Electric  motor  ...  DC  shunt 

Type.  . • « 7.3  o.b) 

Power,  kw  Motor 

Electric  generator • * ’p^eld  and  armature  controls 

”~1'  ” (electronic) 


Motor  control 
Engine 


control  .........  Throttle  delay  mechanism;  heated 


air  intake 


Battery 

Type . . . • 
Number.  . . 
Voltage,  V. 
Weight,  kg 


(Ibm) 


12  V;  lead- acid?  96  Ah 

12 

24/48 

290  (640) 


Figure  B-2.  - Mini-Ca  schematic. 
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TABLE  B-2.  - FUEL  ECONOMY  AND  EMISSIONS  COMPARISON  OF 


CONVENTIONAL  AND  HYBRID  MINICARS 
[Test  cycle,  California  Seven-Mode  Cycle 
(a)  SI  units 


Vehicle 

Test 

speed , 

km/h 

Emissions  level,  g/km 

24 

48 

80 

HC 

CO 

N°x 

Fuel  economy  at 
constant  speed,  km/liter 

Hybrid 

5 

3.7 

5.3 

3.1 

BP 

Conventional 

6.2 

4.4 

5.4 

7.5 

mm 

(b)  U. S . customary  units 


Vehicle 

Test  speed. 

mph 

Emissions  level, 

g/mile 

15 

30 

50 

HC 

CO 

NO 

X 

Fuel  economy  at 
constant  speed,  mpg 

Hybrid 

u 

CO 

CO 

mggmm 

5 

28 

1.6 

Conventional 

I 

10.3 

I 

12 

128 

2.2 

University  of  Wisconsin  Commuter  Car 

A hybrid  vehicle  was  designed  and  built  "from  the  ground  up" 
by  the  university  of  Wisconsin  for  the  1972  Urban  Vehicle  Design 
Competition  (refs.  6 and  7).  The  emphasis  in  the  design  was  fuel 
economy  in  urban  driving  situations  and  passenger  safety.  The 
parallel  hybrid  vehicle  has  a 37-kilowatt  (50-hp)  rotary  heat 
engine  and  an  13.5-kilowatt  (18-hp)  DC  motor-generator.  The  power 
train  is  the  most  unique  part  of  the  design  (fig.  B-3).  The  dual 
clutches  attached  to  the  gearbox  allow  the  vehicle-  to  operate  as 
an  all-electric  vehicle  or  in  two  different  parallel  hybrid 
configurations. 

In  the  all-electric  mode,  clutch  1 is  disengaged  and  clutch  2 
is  engaged.  This  permits  the  engine  to  be  isolated  from  the  rest 
of  the  power  train.  The  electric  motor  directly  drives  the 
transmission,  which,  in  turn,  drives  the  rear  axle.  When 
regenerative  braking  is  used,  the  reverse  occurs  - the  motor  acts 
as  a generator. 
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In  one  hybrid  mode,  clutch  1 is  engaged  and  clutch  2 is 
disengaged.  The  engine  and  motor-generator  are  then 
differentially  connected  to  the  drive  wheels.  The  engine  can 
drive  the  wheels  and  the  motor -generator  if  excess  engine  power  is 
available,  or  the  engine  and  motor-generator  together  can  drive 
the  wheels.  This  mode  also  permits  the  engine  to  run  at  constant 
Speed  while  the  motor-generator  speed  is  changed  to  provide 
vehicle  speed  control.  With  the  vehicle  stopped,  the  engine  runs 
at  normal  speed  and  the  motor-generator  at  twice  engine  speed.  in 
the  second  hybrid  mode,  clutches  1 and  2 are  engaged,  the  engine 
and  motor-generator  are  directly  coupled  to  the  wheels  (no 
differential  action),  and  both  the  engine  and  the  motor  speeds  are 
proportional  to  the  wheel  speed. 


VEHICLE  CHARACTERISTICS:  UNIVERSITY  OF  WISCONSIN  COMMUTER  CAR 


Manufacturer University  of  Wisconsin 

objectives Fuel  economy  and  safety 

Vehicle  description 

Model  . ? custom  built 

Curb  weight,  kg  (lbm) 1360  (3000) 

Hybrid  type Parallel 


^Hea^engine6! Continuous;  variable  power 

Other 

Regenerative  braking e 

Power  train 

HGTvpe?g?n?  Wankel  rotary 

Power, *kW  (hp)  - *.  . 1 • * *37  (30) 

Emissions  controls.  . -Thermal  reactor;  catalytic  converter 
Transmission Clutched;  differential  type 

Series  DC 

Power,  kW  (hp) 13'5Motor 

Motor  control Electronic  speed  control 

Engine  control Manual  on-or-off  controls 

Battery  . , , 

tvog.  ...  12  V;  lead-acid;  heavy  duty 

Number 3 

Voltage,  V 

Weight,  kg  (lbs?) 
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Figure  B-3.  - University  of  Wisconsin,  commuter  car  schematic. 
University  of  Florida  Commuter  Car 


- „ f University  of  Florida  modified  a small  two  passenqer. 

The  vehio?e  8>  *°r  the  1972  Urban  Chicle  Design  Competition 

spark  ion  in  in  3 Serles  bybrid  powered  by  a small  industrial 
spark-ignition  engine  and  generator.  It  can  operate  as  an  all 

hi^°ariC  vehi?1®  for  short  distances  or  as  a hybrid.  The  vehicle 
dirprn!nrua  drive  train  consisting  of  two  DC  motors  coupled 
directly  to  one  central  drive  shaft  by  timing  belts  (fig.  B-4). 

Emissions  control  is  obtained  by 


(1)  A thermal  reactor  with  air  pumps  for  CO  and  HC 

(2)  Exhaust  gas  recirculation  for  N0X 
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(3)  A catalytic  converter 

(4)  A particulate  trap 


ThP  limited  results  available  from  a dynamometer  test  at  General 
Motor Vindicate  that  the  vehicle  exhibits  very  low  emissions 
levels  and  low  fuel  consumption. 


VEHICLE  CHARACTERISTICS:  UNIVERSITY  OF  FLORIDA  COMMUTER  CAR 


Manufacturer University  of  Florida 

ot)ject£Veg Fuel  economy;  low  emissions;  safety 

VfSle,dnfripti0n  Two-passenger  sedan 

type . .Datsun  510 

Curb^weight, ' kg  <lim)'  ! ! ! ! I ! ! 1360  (3000) 

. . _ ^ Series 

Hybrid  type  

Heat  engine  operating  mode Continuous;  fixed  speed 

, . ...  -No 

Regenerative  braking.  ....  

Power  train 

HeType/,f1? Industrial  ICE  motor-generator 

Emissions  controls!  II'.".!  EGR; ‘thermal’ reactor;  catalytic 
Emissions  controls.  converter;  particulate  trap 

. . Electric;  direct 

Electric  motor  DC  shunt  (2) 

Type.  . . • * * 19  (25)  each 

Power , kW  (hp)  ••••••***  ion/9Afl  \7  ac  * 6 S kVA 

^?=rion?rnofator‘  esSf™?;  voltage 

Motor  control^ ....  Governor 

Engine  control • 

Battery  12  V;  lead-acid;  70  Ah 

Type ...8 

Number !!....  96 

Voltage,  V*  ••••••• * iu  (300) 

Weight,  kg  136  <3UUJ 


309 


VEHICLE  PERFORMANCE:  UNIVERSITY  OF  FLORIDA  COMMUTER  CAR 


Figure  B-4.  - University  of  Florida  commuter  car  schematic. 
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Kordesch  Austin 

A four-passenger  Austin  sedan,  shown  in  B-5,  w®s  - 

modified  by  Dr.  K.  Kordesch  to  operate  as  a hybrid  (refs. 

10)  It  is  a series  hybrid  vehicle  powered  by  a Sears 
l^ark- ignition  engine  and  alternator.  The  vehicle  can  operate  as 
In  all-electric  or  a hybrid.  In  the  hybrid  mode  the  engine 
generator  electrical  output  is  used  to  supply  electrical  energy  to 
the  motor  while  running  and  to  recharge  the  batteries  when  extra 
power  is  available.  A schematic  of  the  power  system  is  shown 

figure  B-6. 

mup  alternator  produces  110  volts  of  AC  power  which  is  ^ 
rectified  prior  to  powering  the  motor  or  charging  the  batteries. 

The  battery  charging  rate  is  determined  by  the  availability  of 
power  and  the  battery  voltage  which,  in  turn,  Partial ly 
determined  by  the  battery's  state  of  charge.  The  . speed 
is  set  manually  and  is  maintained  by  a governor  on  the  eng 

The  tests  were  conducted  at  the  TRC  test  track  in  Ohio.  One 
lap  of  the  12  kilometer  (7.5  mile)  track  was  completed  at  each 
test  condition.  Tests  were  run  at  constant  speeds  of  40,  56,  and 
72  kilometers  per  hour  (25,  35,  and  45  mph)  and  over  the  ^ J227a 
schedule  B and  C driving  cycles.  The  alternator  output  alone  is 
not  sufficient  to  propel  the  vehicle  at  40  kilometers  per  hour  (25 

mph),  the  lowest  test  speed  attempted;  s?  ^^^^goTrpmrand 
engine  power  only.  The  tests  were  run  with  low  <28°°JW 
high  (3200  rpm)  speed  settings  on  the  alternator  and  with  the 
alternator  not  running  (battery  power  only).  Gasoline 
consumption,  alternator  and  battery  output  energies,  vehicle 
speed, Pand  distance  traveled  by  the  vehicle  were  measured.  No 
emissions  data  were  taken.  The  fuel  economy  was  obtained  from  a 
precision  fuel  flowmeter  installed  in  the  vehicle.  The  m®ter 
displays  elapsed  time,  fuel  temperature,  fuel  line  pressure,  and 
integrated  fuel  flow.  The  battery  energy  consumption  was  measured 
with9a  DC  kilowatt-hour  meter  installed  on  the  battery  output, 
input  power  to  the  off-board  battery  charger  was  not  measured. 

Table  B-3  shows  the  calculated  ranges  that  could  have  been 
attained  if  the  vehicle  had  been  run  until  the  battery  was 
depleted.  As  an  all-electric,  at  40  kilometers  per  hour  (25  mp  ) 
the  vehicle*s  range  was  45  kilometers  (28  miles).  The  range  wa 

extended  to  64  kilometers  (40  miles)  "*th  .!rhe . aii?£n?her alternator 
at  low  speed  and  to  161  kilometers  (100  miles) 

runninq  at  high  speed.  The  gasoline  economy  was  255  kilometers 
per  liter  (60  mpg)  at  the  low  alternator  speed  and  85  kilometers 
per  liter  (20  Spg)  at  the  high  alternator  speed.  As  the  vehicle 
speed  increases  the  fuel  consumption  decreases.  Since  the  fuel 
flow  is  approximately  constant  at  fixed  alternator  speeds, 
regardless  of  vehicle  speed,  and  the  time  r|^ir®d  f 

mile  is  less  at  higher  speeds,  the  amount  of  fuel  used  per  unit  of 


311 


distance  decreases  with  speed. 

The  Kordesch  hybrid  uses  an  engine-alternator  unit  designed 
as  an  auxiliary  electric  power  system  which  was  not  optimized  for 
minimum  fuel  consumption.  The  vehicle  was  originally  converted  to 
be  run  as  an  all-electric.  The  engine-alternator  was  added  later 
to  extend  the  range,  so  the  system  and  control  mode  are  not 
necessarily  optimized  for  hybrid  operation. 

Despite  these  limitations,  the  Kordesch  hybrid  is  capable  of 
operating  with  very  low  fuel  consumption  under  some  conditions. 
This  is  shown  in  table  B-4  where  performance  is  compared  with  the 
performance  of  a similar  conventional  vehicle  P-2  (see  section 
3.5).  At  56  and  72  kilometers  per  hour  (35  and  45  mph)  on-board 
fuel  economy  for  the  Kordesch  vehicle  is  significantly  better  than 
for  conventional  vehicle  P-2  because  battery  energy  is  replacing 
gasoline.  At  other  vehicle  test  conditions,  modifications  to  the 
propulsion  or  control  system  would  be  needed  to  reduce  on-board 
fuel  consumtion.  However,  when  total  energy  consumption  is 
calculated  (by  summing  the  gasoline  and  electrical  energy  inputs), 
the  total  energy  required  to  propel  the  vehicle  is  higher  than 
that  required  by  the  same  sized  conventional  passenger  car. 


VEHICLE  CHARACTERISTICS:  KORDESCH  AUSTIN 


Manufacturer 

Objective  ........ 

Vehialo  description 

Body  type  

Model  

Curb  weight,  kg  (Ibm)  . 

Hybrid  type  

Operating  mode: 

Heat  engine  

. continuous  power?  hand-throttle  setting 

Other  . . . 

Regenerative  braking.  . • 

Power  train 

Heat  engine 

Type.  . . 

Power,  kW  (hp) .... 

Emissions  controls.  . 

Transmission 

Electric  motor 

Type.  ........ 

Power,  kW  (hp) .... 

Electric  generator.  . . 

Motor  control  ..... 

Engine  control.  . . . . 

Battery 

Type.  ........ 

Number.  ....... 

Voltage,  V 

Weight,  kg  (lbm) . . . 
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Heat  engine 


Alternator 


Motor 


Manual 

[►  transmission 
and  clutch 


x 


Figure  B-6.  - Kordesch  schematic. 


TABLE  B-3.  - TEST  RESULTS  FOR  KORDESCH  HYBRID  VEHICLE 


(a)  SI  units 


Tfest  condition 
(constant 
speed  or 
driving 
schedule) 

Alternator  speed,  rpn 

0 

2800  (low) 

3200  (high) 

Range, 

km 

Electric 

energy 

consirrp- 

tion, 

kHh/km 

Range, 

km 

Fuel 

cconarry, 

knv'liter 

Electric 

energy 

cansunp- 

tian, 

kWh/km 

Range, 

km 

Fuel 

econaiy, 

km/liter 

Electric 

energy 

consunp- 

ticui, 

KHh/km 

40  km/h 

45 

0.21 

26 

0.15 

161 

9 

56  km/h 

37 

..23 

34 

.16 

121 

13 

72  km/h 

— 

40 

45 

.20 

64 

17 

Schedulo  B 

El 

— 

48 

11 

.19 

161 

4 

Schedule  C 

— 

24 

15 

.27 

56 

6 

H 

(b)  U.S.  cus  ternary  units 


Tfest  condition 
(constant 
speed  or 
driving 
schedule) 

Alternator  speed,  rpn 

0 

2800  (low) 

3200  (high) 

Range, 

miles 

Electric 

energy 

consump- 

tion, 

Jd-ih/milo 

Range, 

miles 

Fuel 

' cconcny, 
npg 

Electric 

energy 

consump- 

tion, 

KWh/mile 

Range, 

miles 

Fuel 

economy, 

itpg 

Electric 

energy 

consump- 

tion, 

kWh/milo 

25  rph 

20 

0.33 

40 

60 

0.25 

100 

20 

0.11 

35  mph 

23 

.36 

35 

80 

.26 

75 

30 

.14 

45  nph 

25 

105 

.32 

40 

40 

.23 

30 

25 

.30 

100 

10 

.10 

Schedulo  C 

15 

35 

.44 

35 

15 

.22 

rawr.F  b-4.  - COMPARISONS  OP  ENERGY  CONSUMPTION  FOR  KORDESCH  HYBRID  AND  A 

CONVENTIONAL  CAR 


(a)  SI  units 


Test  condition 
(constant 
speed  or 
driving 
schedule) 

Conventional 
vehicle  P-2 
(test  weight,  1025  kg) 

Kordesch  hybrid  vehicle  (test  weight, 
1361  kg) 

Fuel 

economy, 

knv/Liter 

Electric 

energy 

consump- 

tion, 

kWh/km 

Total 
energy 
consump- 
tion,a 
JdVh/km 

Range, 

km 

Fuel 

economy, 

knv/liter 

Energy 

consump- 

tion, 

kWh/km 

40  knyTi 

23 

0.36 

26 

0.15 

0.82 

64 

56  km/h 

20 

.44 

30 

.16 

.75 

56 

72  km/h 

18 

.49 

45 

.20 

.80 

40 

Schedule  B 

10 

.87 

11 

.19 

1.40 

48 

Schedule  C 

12 

.71 

15 

.27 

1.42 

24 

(b)  U.S.  customary  units 


Test  condition 
(constant 
speed  or 
driving 
schedule) 

Conventional 
vehicle  P-2 

(test  weight,  2260  lfcsn) 

Kordesch  hybrid  vehicle  (test  weight, 
3000  lb) 

Fuel 

economy, 

npg 

Electric 
energy 
consump- 
• tion, 
kWh/mile 

Total 

energy 

consunp- 

tion,a 

Btu/mile 

Range, 

miles 

Fuel 

economy, 

npg 

Energy 

consunp- 

tic-., 

Btu/mile 

25  nph 

56 

2000 

60 

0.25 

4500 

40 

35  nph 

48 

2400 

80 

.26 

4100 

35 

45  nph 

42 

2700 

105 

.32 

4400 

25 

Schedule  B 

24 

4800 

25 

.30 

7600 

30 

Schedule  C 

29 

3900 

35 

.44 

7800 

15 

aIncludes  the  heat  content  of  the  gasoline  and  the  heat  required  at  33  percent 
efficiency  to  produce  the  electrical  energy  for  recharging  the  battery. 


Petro-Electr ic 

The  Petro-Electr ic  hybrid  shown  in  figures  B-7  and  B-8  was 
built  in  1973  to  demonstrate  low  emissions  (ref.  11).  It  is  a 
parallel  hybrid  vehicle  powered  by  a Mazda  rotary  engine.  The 
basic  vehicle  is  a 1972  Buick  Skylark  with  the  standard  5.7  liter 
engine  replaced  by  a 97-kilowatt  (130-hp)  rotary  engine  and  an 
electrical  drive.  Exhaust  gas  recirculation  and  a thermal  reactor 
are  used  to  control  exhaust  emissions. 
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The  commands  for  power  are  transmitted  through  the 
accelerator  pedal  to  the  electronic  speed  control.  The 
accelerator  pedal  normally  controls  the  motor  field  current  and 
voltage.  Depending  on  the  position  of  the  accelerator  pedal,  the 
motor  operates  either  as  a generator  or  as  a motor.  When 
additional  power  that  cannot  be  provided  by  the  engine  operating 
at  constant  vacuum  is  desired,  a mechancial  override  on  the 
accelerator  pedal  opens  the  engine  throttle.  The  electronic 
control  system  reduces  power  transients  on  the  heat  engine  and 
limits  its  operating  range  by  sensing  and  controlling  manifold 
vacuum.  The  engine  is  directly  coupled  to  the  motor  and  drives 
the  wheels  through  a standard  manual  transmission. 

The  Petro-Electric  hybrid  was  tested  on  the  Gould  dynamometer 
(ref.  12)  and  the  EPA  dynamometer  in  Ann  Arbor  under  the  FTP  and 
the  Federal  Highway  Cycle  (FHC) • These  emissions  and  fuel  economy 
test  results  are  shown  in  table  B-5  and  are  compared  with  a 
conventional  1972  Buick  Skylark  and  a conventional  1360-kilogram 
(3000  lbm)  vehicle  powered  by  a Mazda  RX-2  engine.  The  first 
series  of  tests  was  conducted  at  Gould  at  an  engine  power  level 
such  that  no  battery  depletion  occurred.  Low  emission  levels  were 
achieved  under  these  conditions.  The  second  series  of  tests  was 
conducted  at  EPA  at  lower  engine  power  levels  and  a 35  percent 
increase  in  fuel  economy  was  achieved  with  a 30  percent  depletion 
in  the  battery  capacity  over  the  18-kilowatt  (11-mile)  length  of 
the  test. 


VEHICLE  CHARACTERISTICS : PETRO-ELECTRIC 


Manufacturer 

Objective  

Vehicle  description 

Body  type  

Model  ....  

Curb  weight,  kg  (lbm)  . . . . 

Hybrid  typo • 

Heat  engine  operating  mode • ... 
Regenerative  braking 

Power  train 
Heat  engine 

Type 

Power,  kW  (hp) 

Emissions  controls.  . . . . 
Transmission.  ........ 

Electric  motor 

Type • 

Power,  kW  (hp) 

Electric  generator.  . . . . . 

Motor  control 

Engine  control 

Battery 

Type 

number 

Voltage,  V 

Weight,  kg  (lbm) ...... 


Petro-Electric  Motors,  Inc. 

Low  emissions 

Four-passenger  sedan 

1972  Buick  Skylark 

1860  (4100) 

Parallel 

•Continuous;  variable  speed  and  power 
Yes 


Mazda  rotary 

97  UiO) 

. .Thermal  reactor;  EGR 
. . Three  speed;  manual 

DC  shunt 

15  (20) 

Motor 

. . .Field  control;  BSW 
Constant  manifold  vacuum 
by  automatic  control 

, . 12  V;  lead-acid;  SLI 

8 

96 

181  (400) 
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VEHICLE  PERFORMANCE : PETRO-ELECTRIC 


Acceleration  from  0 to  97  km/h  (60  mph) , s 


16 


Maximum  speed,  km/h  (mph): 

Hybrid  mode 129 

Batteries  alone Not 

Heat  engine  alone tau' 

Range  at  100  km/h  (60  mph) , km  (miles) : 

Hybrid  mode  

Batteries  alone  


. . 483  (307) 

•Not  available 


Fuel  economy,  km/liter  (mpg)  : b 

Federal  Test  Procedure 4.5  (10.7)  ' b 

Federal  Highway  Cycle  8.4  (19.8)  ; 6.8  (15.9) 

^Driving  cycle  Federal  Test  Procedure 


Levels,  g/km  (g/mile) : 



CO 

NO.. 


0.24  (0.38) 
1.50  (2.42) 
0.45  (0.72) 


? Gould,  Inc.,  tests  with  30-percent  battery  depletion. 
ePA,  Ann  Arbor,  Mich.,  tests  (1974)  with  no  battery  depletion. 


Figure  B-8.  - Petro-Electrlc  schematic. 
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TABLE  B-5.  Concluded. 


{b)  U.S.  customary  units 


Vehicle 


Petro- 

Elcctric 

hybrid 

Conven- 

tional 

Conven- 

tional 


Differ- 

ential 

ratio 


Test 
weight , 
lbm 


Fuel  Tes\ 

economy,  cycle; 

mpg  or  tcst 

speed , 
mph 


Emissions  level, 
g/mile 


1972 

Buick 

Skylark 

1972 

Buick 

Skylark 

1972 

Buick 

Skylark 

(c> 


RX-2  Mazda 
rotary 


Conven- 
tional; 
displace- 
ment , 

350  in. i 

RX-2  Mazda 
rotary 


0.38  I 2.421  0. 


3.5  30  (c) 


2.5  15  3 


-With  30-percent  battery  depletion,  without  battery  depletion  fuel  economy  was  3.8  km/liter 

^iL’Sit'rr.SSJTuSS  % &.2S  JUi»i  «=!=. 

cInformation  not  provided. 


TurElec  Motors  Corp.  of  Florida  built  a gas-turbine-powered 
series  hybrid  as  an  experimental  preproduction  vehicle  (ref.  13) 
in  1975.  The  vehicle  has  a custom-built  fiber-glass  body  (fig- 
B-g ) . The  propulsion  system  is  a conventional  series  hybrid  (fig 
B-10).  The  DC  motor  is  controlled  by  an  SCR  chopper,  and  the  gas 
turbine  alternator  output  is  controlled  manually  (similar  to  the 
Kordesch  sedan).  Although  test  data  are  not  available  for  this 
vehicle,  the  manufacturer  predicts  the  performance  shown  m the 
performance  table. 


VEHICLE  PERFORMANCE:  TURELEC 


Acceleration  from  0 to  97  km/h  (60  mph) , s 
Maximum  speed,  km/h  (mph)  


113  (70) 


Range  in  all-electric  mode  under  urban  _ 1Q5  (40  _ 65) 

driving  conditions,  km  (miles) 64  lvo 

Fuel  economy  in  hybrid  mode,  at  97  km/h 

(60  mph),  km/liter  (mpg) * ' v 1 
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VEHICLE  CHARACTERISTICS:  TURELEC 


Manufacturer. 


Objective  

Vehicle  description 

Body  type  

Model  

Curb  weight,  kg  (lbm) 

Hybrid  type  

Operating  mode: 

Heat  engine  

Other  


Power  train 
Heat  engine 

Typ'i 

Power  at  50  000  rpm,  kW  (hp) 

Emissions  controls 

Transmission 

Electric  motor 

Type 

Power,  kW  (hp) 

Electric  generator  

Motor  control  

Engine  control 

Battery 

Type 

Number 

Voltage,  V 

Weight,  kg  (lbm) 


Figure  B-9. 


TurElect  Motors  Corp. 
Commercial  development 

.Five-passenger  sedan 
•Custom  (fiber  glass) 
1814  (4000) 

Series 


Continuous;  fixed  power 
All  electric 


. . .AiResearch  gas  turbine 

37  (50) 

None  (simple  Brayton  cycle) 
4 Speed;  manual;  with  clutch 

Series  DC 

15  (20; 

....  30-kW  AC  alternator 

. . . Chopper  speed  control 

Manual 

12  V;  lead-acid 

8 

96 

181  (400) 


Figure  B-10.  - TurElec  schematic. 


Gould  Hybrid  Postal  Van 

Gould,  Inc.,  built  a conventional-engine-powered  compound 
pare  ' hybrid  postal  van  in  an  attempt  to  improve  fuel  economy 
/r  i & quarter-ton  AM  General  DJ— 5C  postal  van  was 

cor  ' ceo  to  a hybrid  (figs.  B-ll  and  B-12)  . This  hybrid  uses  a 
continuously  variable  transmission  (CVT)  designed  for  ^ 

vehicle  use.  The  CVT  allows  the  engine  to  operate  at 
constant  speed  and  power.  With  the  vehicle  stopped  and  at »s£®?or 
below  37  kilometers  per  hour  (23  mph)  the  engine  drives  the  motor 
as  a generator.  At  speeds  greater  than  47  kilometers  per  hour  (29 
mph),9and,  while  the  vehicle  is  accelerating,  both  the  engine  and 
motor  drive  the  vehicle. 

The  hybrid  postal  van  has  been  tested  over  the  postal  driving 

cycle  and  at  constant  speed  (ref.  14)  on  the  Gould  ^amo^^p^nd 
at  the  TRC  test  track.  Data  from  the  constant-speed  dynamometer 
tests  are  presented  in  table  B-6,  where  they  are  compared  with 
data  for  a conventional  AM  General  DJ-5D  postal  van  and  for  the 
alX-electric  DJ-5E  Electruck  at  the  same  conditions.  The  DJ  5 
was  also  built  for  the  USPS  by  AM  General  Corp.  and  Gould,  Inc. 


The  high  fuel  consumption  of  the  hybrid  is  thought  to  be  a 
result  of  the  low  efficiency  of  the  oversized  CVT  and  other 
inefficiencies  in  the  drive  train  (ref.  15). 
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VEHICLE  CHARACTERISTICS:  GOULD  HYBRID  POSTAL  VAN 


Figure  B-ll.  - Gould  Hybrid  Postal  van. 


Figure  B-12.  - Gould  Hybrid  Postal  van  schematic. 
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TABLE  B-6.  - POSTAL  VAN  PERFORMANCE  COMPARISON 
(a)  SI  units 


Postal  van 

Curb 

weight, 

kg 

Maximum 

speed, 

km/h 

Acceleration 

Fuel 

economy 

at 

40  km/hr, 
km/liter 

Maximum 
speed  on 
10-percent 
grade , 
km/h 

0 to  32  Inr/h 

0 to  48  kn/h 

Accelerating  time, 
s 

Gould 

hybrid 

1497 

76 

9 

15 

7.2 

30 

AM  General 
DJ-5E 
Electruck 

1642 

56 

9 

23 

* 

21 

Conventional 
AM  General 
DJ-5D 

1175 

129 

3.4 

8.3 

(a) 

(b)  U. S.  customary  units 


Postal  van 

Curb 

weight, 

lbm 

Maximum 
speed , 
mph 

Acceleration 

Fuel 

economy 

at 

25  mph, 
mp.g 

Maximum 
speed  on 
10-percent 
grade , 
mph 

0 to  20  mph 

0 to  30  nph 

Accelerating  time, 
s 

Gould 

hybrid 

3300 

47 

9 

15 

16.9 

18.5 

AM  General 
DJ*-5E 
Electruck 

3620 

35 

9 

23 

13 

Conventional 
AM  General 
DJ-5D 

2590 

80 

3.4 

19.5 

(a) 

information  not  provided. 


VW  Hybrid  Taxi 

The  Volkswagen  taxi,  the  second  hybrid  vehicle  built  by  VW, 
is  shown  in  figure  B-13.  Two  taxis  were  built,  one  as  an 
experimental  vehicle  and  one  as  a demonstrator  for  the  New  York 
Museum  of  Modern  Art's  Taxi  Project  (ref.  16).  Both  hybrids  used 
the  VW  Microbus  body,  chassis,  engine,  and  drive  train,  thus 
simplifing  the  conversion  to  the  hybrid. 
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The  taxi  is  a parallel  hybrid  powered  by  a standard  VW 
1.6-liter  carbureted  engine.  The  arrangement  of  the  drive 
components  is  shown  in  figure  B-14(a).  The  engine  drives  the 
vehicle's  rear  wheels  through  a standard  VW  automatic  transmission 
with  a clutch-torque  converter  added  between  the  engine  and  the 
transmission.  Only  the  third  gear  of  the  transmission  is  used. 

The  electric  motor  is  mounted  between  the  front  and  rear  wheels, 
driving  the  rear  wheels  through  a special  gearbox  mounted  on  the 

transmission  (fig.  B-14(b)). 

The  vehicle  propulsion  system  is  controlled  by  special 
electronic  analog  logic  circuits  with  some  control  functions 
readily  reprogrammable  by  changing  circuit  boards  or  potentiometer 
settings.  The  motor  power  is  controlled  by  choppers  on  the 
and  armature  circuits.  The  field  control  is  used  from  one-third 
to  maximum  motor  speed  and  the  armature  control  for  lower  speeds. 
Maximum  current  to  the  motor  can  be  limited  to  any  value  between 
200  and  290  amperes.  The  engine  power  is  controlled  by  a small 
servo  stepping  motor  mounted  to  the  carburetor  throttle  throug  a 
selectable  time  delay  of  1.2  or  2.5  seconds.  Gasoline  flow  is 
turned  on  and  off  by  an  electrically  activated  valve.  The  vehicle 
can  operate  as  an  all-electric,  as  a hybid  with  engine  running 
continuously  but  at  variable  power,  as  a hybrid  with  the  engine 
being  turned  on  at  one  condition  and  off  at  another,  and  as  a 
conventional  vehicle. 

The  VW  taxi  was  tested  for  this  report  on  a Clayton  Chassis 
Dynamometer  at  NASA-JPD  (ref.  17).  A conventional  Vrt  Microbus 
also  was  tested  on  the  dynamometer  using  the  same  test  procedures 
for  comparison  with  the  taxi.  The  vehicles  had  different  engines. 
The  Microbus  is  powered  by  the  newer  VW  2-liter  fuel  injection 
engine  with  a catalytic  converter.  The  taxi  has  the  older 
1.6-liter  VW  Beetle  engine  without  fuel  injection  or  catalytic 

converter . 


All  tests  were  conducted  to  the  FTP  urban  cycle  described 
earlier.  Emissions  and  fuel  consumption  were  measured  as  required 
in  the  FTP.  In  addition,  during  the  hybrid  tests,  energy  flow 
into  and  out  of  the  batteries  was  measured. 

The  hybrid  taxi  was  tested  in  two  operating  modes: 


In  the  continuous-run  mode,  the  engine  runs  continuously  and 
the  electric  motor  runs  as  required. 

In  the  on-off  mode  the  vehicle  runs  as  an  all-electric  until 
its  speed  reaches  42  kilometers  per  hour  (26  mph).  Then  the 
engine  is  turned  on  and  the  vehicle  runs  as  a conventional  hybrid 
until  the  speed  drops  to  32  kilometers  per  hour  (20  mph),  at  which 
time  the  engine  is  turned  off. 
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Tests  were  also  run  to  evaluate  the  effects  of  different 
motor  current  limits,  throttle  delay  times,  and  vehicle  test 
weights.  The  test  results  for  the  taxi  and  the  Microbus  are 
summarized  in  table  B-7. 

In  most  cases  the  results  shown  are  average  values  for  a 
number  of  tests.  The  VW  Microbus  with  the  conventional  propulsion 
system  was  tested  only  with  the  catalytic  converter.  The  emission 
values  shown  for  operation  without  a converter  are  calculated  from 
the  test  data  with  the  converter  by  assuming  the  following 
efficiencies: 


FTP  phase 

Efficiency, 

percent 

Cold  transient 

30 

Stabilized 

60 

Hot  transient 

70 

The  VW  hybrid  test  results  for  the  on-off  mode  were 
constructed  from  the  results  of  several  partial  FTP  tests.  This 
was  necessary  because  of  a limit  placed  by  Volkswagen  on  the 
energy  that  could  be  removed  from  the  battery  during  the  test  to 
prevent  damage  to  the  battery.  The  battery  did  not  have 
sufficient  capacity  to  complete  a full  FTP  urban  cycle  test 
without  exceeding  this  limit.  The  results  shown  were  obtained  by 
combining  the  data  from  two  cold  transient  and  stabilized  test 
cycles  with  three  hot  transient  tests.  The  remaining  hybrid  test 
results  were  obtained  by  the  standard  FTP  methods. 

The  following  can  be  concluded  from  these  test  data: 

(1)  The  conventional  VW  hybrid  operating  mode  does  not 
improve  fuel  economy  over  that  of  the  conventional  VW  vehicle. 

The  emission  results  are  not  conclusive  because  the  vehicles 
compared  have  different  engines  and  emission  controls. 

(2)  The  on-off  hybrid  operating  mode  can  significantly 
improve  fuel  economy  for  the  FTP  if  the  batteries  are  allowed  to 
deplete.  These  tests  showed  about  a 40  percent  improvement  in 
fuel  economy  compared  with  a conventional  Microbus  when  9.7 
mega joules  (2.7  kWh)  were  removed  from  the  batteries  in  18 
kilometers  (11  miles)  of  driving. 

The  VW  taxi  has  eleven,  90-ampere-hour  SLI  batteries.  Their 
total  capacity  is  about  29  megajoules  (8  kWh)  as  determined  by  the 
average  rate  at  which  the  battery  was  being  discharged  during  the 
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test.  The  9.7  megajoules  (2.7  kWh)  removed  from  the  29-mega joules 
(3  kWh)  battery  indicates  that  about  34  percent  of  the  battery 
capacity  was  used  in  driving  18  kilometers  (11  nules)  . Ij-  - 
full  capacity  of  the  battery  could  be  used,  the  vehicle  range 
might  be  about  53  kilometers  (33  miles).  Actually,  the  range 
would  be  less  for  the  following  reasons: 

(1)  The  SLI-type  batteries  used  in  a hybrid  vehicle  have 
cycle  life  limitations  when  discharged  below  40  percent  capacity. 

(2)  The  effective  energy  capacity  of  the  battery  may  be 
reduced  below  29  megajoules  (8  kWh)  by  the  high  peak  powers  drawn 
by  the  motor. 

Durinq  the  FTP,  the  vehicle  under  test  experiences  23  fairly 
rapid  accelerations  to  speeds  of  from  32  to  92  kilometers  per  hour 
(20  to  57  mph).  The  hybrid's  heat  engine  operated  for  about  50 
percent  of  the  time,  and  the  vehicle  operated  as  an  all-electric 
vehicle  for  the  remaining  time.  Neither  the  vehicle  nor  the 
on-off  operating  mode  was  optimized  for  these  test  conditions.  It 
is  expected  that  battery  depletion  could  be  reduced  and  the  range 
extended  with  further  optimization. 

VEHICLE  CHARACTERISTICS:  VW  HYBRID  TAXI 


Manufacturer. 


Volkswagen 


Objective 


.Reduce  emissions  and  evaluate 
multiple  hybrid  modes 


Vehicle  description  ......  4-Passenger  bus 

Body  type '*’****.  customized  VW  Microbus 

Model  ...  • • 2130  (4700) 

Curb  weight,  kg  (lbm)  

. Parallel 

Hybrid  type  

°P£eati£nqi°oe:. Continuously  variable  speed  and  power  or  on-off 

Heat  engine  • ...  .All-elec trie  or  all-heat-engine 

Other  

Yes 

Regenerative  braking 

Power  train 

HGTypenSinG Standard,  1. 6-liter,  VW  carbureted  SI 

Power  (limited  to  26  kW  a37  ^5qj 

(35  hp) , kW  thp) . . **’*'*  ^Exhaust  gas  recirculation 

TransS™on?°?  . . ! i 1 I I I I I - ^ar,  torque  converter 

Electric  motor-generator  Shunt 

Type*  •• , v\ x;.. . is  <2°> 

Power,  kW  (hp) * chooner  - field  and  armature 

Motor  control ....  .Throttle  with  delay 

Engine  control 

12-V  VARTA,  lead-acid  SLI,  90  Ah 


Number 

Voltage,  V.  . . . 
Weight,  kg  (lbm). 


. . 132 

286  (630) 


aLimitod  to  26  kW  (35  hp) 
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VEHICLE  PERFORMANCE:  VW  HYBRID  TAXI 


Acceleration  from  0 to  97  km/h  (60  mph) 

Maximum  speed,  km/h  (mph): 

Hybrid  mode  

Batteries  alone  

Heat  engine  alone  

Fuel  economy,  km/liter  (mpg) : 

Normal  hybrid  

On-off  mode  

Emissions : 

Driving  cycle  

Levels,  g/km  (g/mile) : 


. . . 105  (65) 
. . . 71  (44) 
Not  applicable 


1975  FTP  (on-off  mode  emission) 


[ • 

* . 1 

ft,  i 

► ..*•< : 1 

% 

, : .7  ; • . 

p f 

« 1 

\ t®  0 

* « 

y 

l 

H >vj 

• I 

(b)  Drive  train. 

Figure  B-14.  - Volkswagen  taxi  component  arrangement. 


(a)  Drive  components. 
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VEHICLE  CHARACTERISTICS:  VW  MICROBUS 


Manufacturer 

VSMoae!  Standard  Microbus 

Curb  weight,  kg  (lbm) 2100  (4631) 

Hybrid  type  .....  Conventional  ICE 


Power  train 

Heat  engine  _ , . . . . 

Type.  .........  Standard,  2-liter,  fuel  infection  SI 

Power,  kW  (hp)  • • • • • 

Emissions  controls EGR  and  catalytic  converter 

Transmission.  . Standard  automatic 

Electric  motor 

Electric  generator None 

Motor  control * * 

Engine  control Conventional  throttle 


TABLE  B-7.  - VOLKSWAGEN  TAXI  AND  MICROBUS  DYNAMOMETER  TESTS 
(a)  SI  units 


Vehicle 


VW  MicrobUQ 


Test  mada 


conven- 

tional 

ICE 


VW  hybrid  taxi  On-off 

Conven- 

tional 

hybrid 


Inertia 

weight, 

kg 


Throttle 
titna 
delay , 
s 


Motor  Fuel 
current  economy, 
limit,  km/iitcr 

A 


Emissions  levels  in 
FTP  tests,  g/km 


Net 

battery 

power 

out, 

MJ 


(b)  U.S.  customary  units 


VW  Microbus 


Test  mode 


Conven- 

tional 

ICE 


inertia 

weight, 

lbm 


VW  hybrid  taxi  On-of£ 

Conven- 
• fcional 
hybrid 


£with  converter. 

Estimated  without  converter. 
cComposite  test. 


Throttle 

time 

delay, 

s 


Motor 

currant 

limit, 

A 


Fuel 

economy, 

mpg 


Emissions  levels  in 
FTP  tests,  g/mile 


Net 

battery 

power 

out, 

kWh 
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Elektrobus  OE305 

S&^SiI  ku 

^^^.s^arsSruisss  iss-.5s^sss?*J^*«. 

|«  not  ...  11. bl. ’ (or  th,,.  v.jj |;‘f;„PtE|°”SSma;S™Si°? 
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VEHICLE  CHARACTERISTICS:  ELEKTROBUS  OE305 


Manufacturer.  

Objective  

Vehicle  description 

Body  type  

Model  •••••••••' 

Curb  weight/  kg  (Ibm)  . « 

Hybrid  type 

Heat  engine  operating  mode. 
Regenerative  braking.  * • 

Power  train 
Heat  engine 

Type 

Power,  kW  (hp) . 
Emissions  controls 
Transmission.  . • 
Electric  motor 

Type 

Power,  kW  (hp) 

Electric  generator 
Motor  control  . 

Engine  control.  . 

Battery 

Type 

Number.  .... 
Voltage,  V.  . « 

Weight,  kg  (lbm) 


MercedtJ-Benz 

. Low  emissions;  quiet  operation 

. . 100-Passenger  bus 

* * ’ OE305 

*■’*[...  19  000  (42  000) 

• • • • • 

Series 

Continuous;  fixed  power 

. Yes 


.OM352;  four-cylinder ^diesel 

....  Not  applicable 
Fixed  gear 


Shunt 

i 90  (120) 

74-kW  (99-hp)  alternator 
.Chopper  speed  control 
....  Not  applicable 

traction  type;  lead-acid 

2 

360 

....  7000  (15  432) 


, Three-phase, 


VARTA 
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VEHICLE  PERFORMANCE:  ELEKTROBUS  OE305 


Acceleration  from  0 to  48  km/h  (30  mph)  , s 13 

Maximum  speed,  km/h  (mph)  70  (43.5) 


Range  on  batteries  alone,  km  (miles) ....  50  - 75  (31  - 47) 


Regenerative  braking 


Figure  B-15.  - Mercedes-Benz  Elektrobus  OE-305  schematic. 


University  of  Florida  Urban  Transit  Bus 

The  University  of  Florida  Mechanical  Engineering  Department, 
witn  Dr.  V.  P.  Roan  as  the  principal  investigator,  converted  an 
electric  bus  to  a hybrid  vehicle  in  1973  to  determine  whether  the 
hybrid  concept  could  save  fuel  (refs.  20  to  22).  A special 
electronic  control  was  incorporated  in  the  design  to  program  fuel 
flow  in  order  to  maximize  efficiency. 

The  bus,  a Tork  Link  Electrobus,  is  shown  in  figures  B-16  and 
3-17.  The  bus  already  had  an  electric  motor  drive,  thus 
simplifying  the  conversion  to  a hybrid  vehicle.  This  hybrid  is  a 
series  configuration  using  a small  diesel  engine  to  drive  two 
tnree-phase  AC  alternators  to  charge  the  batteries.  The  bus  was 
tested  by  having  it  follow  a conventional  city  bus  over  its 
9-kilometer  (5.7-mile)  cycle  and  measuring  the  fuel  consumption  of 
both  buses.  During  the  road  test  of  this  vehicle  245  test  cycles 
were  performed.  Although  the  buses  were  of  different  designs  and 


slightly  different  weight,  the  75  percent  reduction  in  fuel 
consumption  was  deemed  significant.  Emissions  tests  recently  have 
been  conducted  on  this  vehicle  using*  an  EPA  dynamometer,  but  the 
results  are  not  yet  available.  However,  performance  data  were 
provided  by  the  university  for  this  report. 

V 


VEHICLE  CHARACTERISTICS:  URBAN  TRANSIT  BUS 


Manufacturer 

Objective  

Vehicle  description 

Body  type  

Model  

Curb  weight,  kg  (lbm)  • 

Hybrid  type  

Heat  engine  operating  mode 

Regenerative  braking.  . - 

Power  train 
Heat  engine 

Type 

Power,  kW  (hp) .... 
Emissions  controls.  . 

Transmission 

Electric  motor 

Type 

Power,  kW  (hp) . • • • 
Electric  generator.  . . 

Motor  control  

Engine  control 

Battery 

Type 

Number 

Voltage,  V 

Weight,  kg  (lbm) . • • 


. University  of  Florida 
. Improved  fuel  economy 

. . . 21-Passenger  bus 
. . Tork-Link  Electrobus 
6800  (15  000) 

Series 

Continuous;  fixed  speed 
NO 


3 • 3 

Four-cylinder,  3590-cm  (219-in.  ) 

displacement  OHV  diesel 

45  (60) 

None 

Direct  drive 

Series  DC 

37  (50) 

Two  three-phase,  15-kW  alternators 
. . Contactor;  BSW,  field  control 
. . . .Governor  for  speed  control 

Gould,  Inc. , lead- acid 

traction  type;  630  Ah 

2 

42 

1678  (3700) 


VEHICLE  PERFORMANCE:  URBAN  TRANSIT  BUS 


Acceleration  from  0 to  48  km/h  (30  mph) 
Maximum  speed,  km/h  (mph) 


s 32 

....  72  (45) 
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■ ■ • 

[ 1 mi  II. 

(i.  i 

Figure  b-16.  - University  of  Florida  urban  transit  bus. 


Figure  B-17.  - University  of  Florida  urban  transit  bus  schematic. 

Daihatsu  and  Toyo  Koc/o  Trucks 

The  Asaki  Shimbun  Press  of  Tokyo,  Japan,  h^s  been 
experimenting  since  1976  with  hybrid  trucks  for  delivery  of 
newspapers  in  residential  areas  (unpublished  data  obtained  fron 
H.W.  Merritt  of  Arlington,  Va.,  and  correspondence  between  NASA 
Lewis  and  Toyo  Kogyo  Co.,  Japan).  The  nybrid  trucks  are  designed 
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to  reduce  noise.  Two  Daihatsu  models,  DV23L  and  DV26L,  and  two 
Toyo  Kogyo  EXC12S  models  are  being  used. 

for  the  hybrid  trucks  are  more  than  twice 

those  for 'conventional  delivery  “rp““£s  however' Stf2els°that 

SS  ^^u^^^^c^lntl^outl^Urrttuc,  noise  offsets  the 
increase  in  cost. 


Kawasaki  Bus 

ThP  Transportation  Bureau  of  the  Tokyo  Metropolitan 

aKSb;“™3  U »c,“ IT™! 

33;?!  asarjs  JS.srffS.'S'J 

rSTif?®5 

kilometers  per  liter  e“efciiomete?9(0.35  kWh/mile).  The 

kilowatt-hours  of  electric  y P kilometers  (250  000  miles) 

four  hybrids  have  accumulated  4°2°00  kilometers  ^ ded  to  be 

in  passenger-carrying  service.  Operating  cos' cb  fcotal  cost  is 

high:  With  a ^ttery  life  of  only  15  y , ^ compared  with 

convent ional^diesel  kilometer  ( $0 . 18/mile) . 
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VEHICLE  CHARACTERISTICS:  KAWASAKI  BUS 


Manufacturer*  

Objective . . . . 

Vehicle  description 

Body  type  .....  

Curb 'weight,  kg  (lbm)  . . . . 

Hybrid  type  * 

Operating  mode: 

Heat  engine  

Other  

Power  train 

Heat  engine  type 

Electric  motor 

Type 

Power,  kW  (hp) 

Electric  generator 

Motor  control . . . 

Engine  control.  ....... 

Battery 

Type 

Voltage  (at  135  Ah  for  5 h) 


Kawasaki  Heavy  Machinery  Co. 
Reduce  emissions 


79-Passenger  bus 
10  147  (22  400} 

Series 


Continuous,  constant  power 
. . . All-electric/hybrid 


Isuzu  C330  diesel  MG 

400-V,  series-wound  DC 

67  (90) 

. . .Isuzu  C330  diesel  generator; 

three-phase  AC  power  unit 

Chopper  speed  control 

Governor 

Lead-acid 

V.  420 


s: 

i 


VEHICLE  PERFORMANCE:  KAWASAKI  BUS 


Acceleration  from  0 to  40  km/h  (25  mph)  ,s 14 

Maximum  speed  in  hybrid  mode,  km/h  (mph) 60  (37) 

Range,  km  (miles) : 

Hybrid  mode 180  (112) 

Batteries  alone  ....  55(34) 

Fuel  economy  (diesel  fuel),  km/liter  (mpg) 1.8  (4.3) 

Energy  consumption  (electricity) , kWh/km 

(kWh/mile) 0.22  (0.35) 
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Figure  B-18.  - Kawasaki  bus. 


Figure  B-19.  - Kawasaki  bus  schematic. 


Dornier  Trolley  Buses 


Dornier  has  two  trolley-diesel  hybrid  buses  in  operation  in 
West  Germany  (ref.  19).  One  is  a standard  line  bus  fig. 

3-20( a) ) , the  other  is  an  articulated  bus  <fi9- 

standard  line  bus  is  11  meters  (36  ft)  long,  and  the  articulated 
is  17  meters  (56  ft)  long. 
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These  hybrid  buses  operate 
the  electric  motor  powering  the 
the  all-electric  mode,  the  bus 
electric  line  as  a conventional 
engine-powered  mode,  the  diesel 
clutch,  automatic  transmission, 
electric  motor  is  connected  to 
universal  joint. 


with  either  the  diesel  engine  or 
bus  independently  (fig.  B-21).  in 
is  powered  from  a 600-volt  overhead 
trolley  bus.  In  the 
engine  drives  the  bus  through  a 
and  a synchronizing  gearbox.  The 
the  synchronizing  gearbox  through  a 


(197-hDf^«TBenZ-MOde:l  °M  4°Z'  six~cyl inder , 147-kilowatt 
motor  iZ  kZ  en9lne  Powers  the  bus,  The  electric  traction 

LZ?-th  °P?rates  at  600  volts,  drawing  75  kilowatts  (100 

hp)  continuously  and  150  kilowatts  (200  hp)  du?inq  peaks  The 

hprcresapectivelvraw^  *1  ^ow^ts  (‘120  hj?|  and^kUo^att^t  200 
sEeed  Kly * tAn,SCR  chopper  system  controls  the  motor 

ef;  Through  controls  on  the  panel  the  driver  can  engage  either 

ihonrlC  m0t°r  °?  the  diesel  engine.  Regenerative  braking  is 
used  when  operating  m the  electric  drive. 


VEHICLE  CHARACTERISTICS:  DORNIER  LINE  BUS 


Manufacturer 

Objective  

Vehicle  description 

Body  type  

Model  

Hybrid  type  

Operating  mode: 

Heat  engine  . . . . 
Other  

Regenerative  braking. 

Power  train 
Heat  engine 

Type 

Power,  kW  (hp) . . 
Transmission.  . . . 
Electric  motor 

Type 

Power,  kW  (hp) . . 
Electric  generator. 
Motor  control  . . . 
Engine  control.  . . 


* . . cornier  Systems  Gmbh. 

• Low  emissions 

89-Passenger  bus 

.....  Standard  line  bus 

All-electric  or  diesel  power 

.Continuous,  variable  power 
. . . .All-electric  trolley 

. . .In  electric  drive  mode 


Daimler-Benz  OM4Q7,  six-cylinder  diesel 

147  (197) 

. . Automatic  and  synchronizing  gearbox 

.....  600-V  traction 

75  (100) 

None 

Chopper  speed  control 

Conventional  throttle  control 


VEHICLE  PERFORMANCE:  DORNIER  LINE  BUS 


Acceleration  from  0 to  48  km/h  (30  mph),  s 

Maximum  speed,  km/h  (mph)  • • 

Range  . . * 


20 

• •*•••** 

, . . . . 72  (45) 

Limited  only  by  fuel  capacity  or 
availability  of  trolley  wires 

2 8 (6  6 ) 

Fuel  economy  (diesel  fuel),  km/liter  (mpg) • * • • q q f5.6) 

Energy  consumption  (electricity),  kWh/km  (kWh/mile)  3.5  (5.6) 

Gradeability,  percent:  12 

At  24  km/h  (15  mph) 16 

At  1 km/h  (0.6  mph) * __ 


VEHICLE  CHARACTERISTICS:  DORNIER  ARTICULATED  BUS 


Manufacturer. 


Objective  

Vehicle  description 
Body  type  .... 
Model  


Dornier  Systems  Gmbh. 
. . . .Low  emissions 


152-Passenger  bus 
.Articulated  bus 


Operating  mode 
(all-electric 
or  diesel  power) 

Heat  engine  . . . ■ 
Other  

Regenerative  braking. 

Power  train 
Heat  engine 

Type 

Power,  kW  (hp) . 
Transmission.  . • 
Electric  motor 

Type 

Power,  kW  (hp) * 
Motor  control  . . 
Engine  control.  . 


Continuous?  variable  power 
. . . All-electric  trolley 


In  electric  drive  mcde 


. Daimler-Benz  OM  407,  six-eylinder^diesel 


.Automatic  and  synchronizing  gearbox 
600-V  traction 

90  (120) 

Chopper  speed  control 
, . . .Conventional  throttle  control 


VEHICLE  PERFORMANCE:  DORNIER  ARTICULATED  BUS 


Acreleration  from  0 to  48  km/h  (30  mph) , s 

Maximum  speed,  km/h  (mph)  

Range * 


72 


. 23 
(45) 


Limited  only  by  fuel  capacity  or 
availability  of  trolley  wires 

2.8  (6.6) 

4.5  (7.3) 


pur!  economy  (diesel  fuel) , km/liter  (mpg) • • * * * 

Energy  consumption  (electricity) , kWh/km  (kWh/mile)  

Gradeability,  percent:  12 

At  24  km/h  (15  mph) * .....  16 

At  1 km/h  (0.6  mph) . 


la)  Line  bus. 


1.  Electric  traction  motor 

2.  Diesel  engine  with  auto-gearbox 

3.  Transfer  gearbox 

4.  Air  compressor,  pump  for  servo- 
assisted  steering 

5.  Power  supply  and  electronic  controls 

6.  Automatically  operated  trolley 


(b)  Articulated  bus. 


Figure  B-20.  - Dornier  trolley-diesel  buses. 
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commands 


Mechanical  connections 
Electric  flow 
Control  signals 


Regenerative 

braking 


Figure  B-21.  - Cornier  trolley  bus  schematic. 


Berliet  ERIOO  Bus 


The  Berliet  ERIOO  bus  is  a 
diesel-powered  bus  (ref.  23). 
orders  in  hand  for  185  vehicles 
first  five  of  these  buses  were 
Prance,  in  June  1977. 


series  hybrid  trolley  and 
The  manufacturer  claims  to  have 
for  three  French  cities.  The 
to  be  in  service  in  Grenoble, 


Under  normal  trolley  operations,  the  d iesel  «n^"e  tes  as 

disconnected  from  the  motor-generator  unit  and  the  bus  operates  as 
a conventional  electric  trolley  bus  (fig.  B-22).  in  this  moae  rne 
motor-generator  operates  as  a motor  powered  from  the  trolley  li 
Lhrps  an  auxiliary  alternator  and  other  auxiliaries.  A 
cadmium-nickel^attery^prov ides  stand-by  propulsion  and  auxiliary 
nowp»r  it  is  charged  by  an  auxiliary  alternator  through 
r eqene r a t iv eS braking  or  from  the  trolley  lines.  When  operating 
under  diesel  power  the  clutch  is  electrically  engaged  and  the 
diesel  enginePdrives  the  motor-generator,  which  in  turn  powers  t 


traction  motor. 
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, VEHICLE  CHARACTERISTICS : BERLIET  ER100  BUS 


Manufacturer*  ........ 

Objectives 

Vehicle  description 

Body  typo , . . . 

Model  .......... 

Curb  weight,  kg  (lbw)  . . . 

Hybrid  type 

Operating  mode  (all-electric 
or  diosol-eloctric) » 

Heat  engine . . 

Other 

Regenerative  braking.  . . . , 

Powor  train 
Heat  engine 

Type 

Power,  kW  (hp) 

Transmission.  

Electric  motor 

Type ....  

Powor,  kW  (hp) 

Electric  generator.  . . . 

Motor  control  

Engine  control 

Battery  type.  . 


Renault 

Low  emissions  and  low  noise 


100-Panscngor  bus 

ER100 

. 9100  (20  000) 

Series 


. . . Constant  speed 
All-electric  trolley 

Vos 


Air-cooled  KHD  F3  L912,  three-cylinder  diesel 

43  (58) 

Direct  drive  with  clutch 

• * 600-V  compound 

119  (160) 

600-V  mo tor- genera tor 

•  Chopper  speed  control 

• • » • Governor 

*•••»  Cadmium-nickel 


1 


VEHICLE  PERFORMANCE f BERLIET  ER100  BUS 


Acceleration  from  0 to  45  km/h  (28  mph) , s .....  15 
Maximum  speed,  km/h  (mph) t 

Hybrid  mode  60  (37) 

Electric  mode go  (37) 


Figure  B-22.  - BeriietER  100  bus  schematic. 
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APPENDIX  C 


BATTERIES  FOR 

ELECTRIC  AND  HYBRID  VEHICLES 


Batteries  represent  only  about  10  percent  of  the  initial  cost 
of  today's  electric  vehicle,  yet  the  ultimate  operating  costs  of 
electric  vehicles  are  heavily  dependent  on  battery  performance. 

The  energy  and  power  available  from  a battery  directly  affect  the 
road  performance  of  an  electric  vehicle.  The  cycle  life  and 
maintenance  requirements  contribute  directly  to  the  ultimate 
operating  cost,  and  the  complexity  of  the  battery  system  is 
directly  related  to  reliability. 

Extensive  efforts  are  being  made  by  private  industry  and 
domestic  and  foreign  governments  in  search  of  a better  electric 
vehicle  battery.  The  literature  contains  many  studies  that  report 
on  the  progress  of  this  search.  One  such  report  contains  a 
discussion  of  over  50  electrochemical  systems  (ref.  1). 

Presently,  only  a few  battery  systems  have  progressed  beyond 
laboratory  status.  Prominent  among  the  types  of  battery  systems 
being  studied  outside  the  laboratory  and  in  vehicles  are  (1) 
lead-acid,  (2)  nickel-zinc  (3)  nickel-iron,  (4)  metal-air, 
specifically  zinc-air  and  iron-air,  (5)  zinc  - chlorine  hydrate, 
and  (6)  sodium-sulfur. 

■PhesQ  six  battery  systems  will  be  discussed  further  in  this 
appendix,  with  primary  emphasis  on  the  lead-acid  battery,  which 
presently  is  the  state-of-the-art  battery  system  for  electric  and 
hybrid  vehicles. 

BATTERY  SYSTEM  CANDIDATES 

The  road  performance  of  an  electric  vehicle  is  strongly 
dependent  on  the  energy  and  power  available  from  the  battery.  The 
amount  of  energy  extractable  from  a battery  is  a function  of  the 
rate  at  which  energy  is  removed,  that  is,  the  power.  Figure  C-l 
shows  the  relationship  of  energy  and  power  on  a per  unit  weight 
basis  for  many  of  the  batteries  discussed  in  this  report.  The 
values  are  projected  performance  limits  of  the  various  battery 
systems  (refs.  2 to  7).  Figure  C-l  shows  that  the  battery  systems 
considered  as  possible  replacements  for  the  lead-acid  battery  have 
considerably  higher  performance  potentials. 
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Specific  energy,  Wh/lbm 

Figure  C-i.  - Practical  battery  energy  - power  relationship. 


Table  C— 1 summarizes  the  theoretical  and  projected 
performance  of  the  battery  systems  to  be  discussed.  The 
theoretical  specific  energy  reported  is  that  calculated  from  the 
reactions  of  the  electrochemical  couples  used.  The  projected 
specific  energy  is  that  derived  from  figure  C-l  and  other  sources 
at  the  specific  power  required  from  a battery  in  an  electric 
vehicle  used  in  an  urban  driving  situation  (ref.  2).  Also  shown 
for  completeness  is  the  operating  temperature  of  each  system. 
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TABLE  C-l.  “ THEORETICAL  AND  PROJECTED  PERFORMANCE  OF  POTENTIAL  ELECTRIC  VEHICLE 

BATTERY  SYSTEMS3 


System 

Specific  energy 

Operating 

temperature, 

°C 

Theoretical 

Projected 

MJ/kg 

Wh/lbsn 

MJ/kg 

Wh/lbm 

Lead-acid 

Nickel-zinc 

Nickel-iron 

Iron-air 

Zinc-air 

Zinc  - chlorine  hydrate 
Sodium-sulfur 

0.62 

1.2 

.96 

3. 02, 3,22 

4.5 

1.6 

1.1  - 2.8 

78 

152 

122 

380 

570 

203 

140  to  354 

0.1 

.3 

.2 

#42,3,22 

.6 

.6 

1.0 

13 

38 

25 

51 

76 

76 

126 

Room  temperature 
8-9 

300  - 4003 

Superscripts  denote  references. 


The  difference  between  the  theoretical  and  projected  specific 
energies  is  mainly  due  to  the  requirement  for  a large  amount  of 
non-energy-producing  material  such  as  cases,  excess  electrode 
material,  separators,  terminals,  current  collecting  grids,  and 
electrolyte.  These  non-energy-producing  materials  substantially 
reduce  the  specific  energy. 

The  nickel  systems  offer  a projected  specific  energy  increase 
of  a factor  of  2 to  3 over  lead-acid  batteries,  the  metal-air 
systems  a factor  of  4 to  6,  and  the  sodium-sulfur  systems  a factor 
of  10  improvement.  It  is  because  of  this  potential  and  the  facts 
that  these  systems  are  sufficiently  developed  to  have  been 
demonstrated  in  electric  vehicles  and  are  viable  alternatives  that 
the  discussion  herein  is  limited  to  these  battery  systems. 


LEAD-ACID  BATTERY 


Description 

The  lead-acid  system  is  the  only  practical  battery  available 
today  for  electric  vehicle  use.  As  a result,  it  can  be  considered 
£he  state-of-the-art  of  electric  vehicle  batteries. 

The  lead-acid  cell  was  devised  by  Plante  in  1859.  For  the 
past  120  years  the  system  has  undergone  extensive  modification  and 
improvement.  Quality  control  has  been  highly  developed. 

The  electrochemistry  of  the  lead-acid  battery  is  well 
understood?  the  basic  reactions  are 


Discharge 

PbO,  + Pb  + 2H«S0,  < IIT 

* Charge 


2PbS04  + 2H20 
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The  electrolyte,  which  is  sulfuric  acid  (H2SO4)  , enters  into  the 
reaction,  producing  lead  sulfate  on  both  the  positive  and  negative 
electrodes  during  discharge.  Because  the  electrolyte  enters  into 
the  reaction,  specific  gravity  measurements  of  the  elctrolyte  have 
been  used  to  determine  the  state-of-charge  of  the,  lead-acid 
battery. 

Commercial  lead-acid  battery  designs  can  be  classified 
according  to  application  as  SLI  (starting,  lighting,  and 
ignition),  golf  car,  industrial,  and  semi- industrial . The  SLI 
battery  delivers  high  power  for  short  periods  of  time  at  varying 
temperatures  to  start  internal  combustion  engine  (ICE)  vehicles. 
The  golf  car  battery  must  supply  relatively  high  power  for 
relatively  long  periods  at  a low  battery  weight.  The  industrial 
battery  requires  the  delivery  of  substantial  amounts  of  energy  on 
an  extended  basis,  and  battery  weight  is  generally  not  a major 
design  consideration.  The  semi-industrial  battery  requirement  - 
fall  between  those  of  the  golf  car  and  industrial  batteries.  The 
requirement  for  delivering  energy  on  an  extended  basis  is  somewhat 
more  stringent  than  for  the  golf  car  battery  yet  it  has  a higher 
specific  energy  than  the  industrial  battery.  t 


.01  .02  . 04  . 06  . 08.1  .2 

Specific  energy.  MJ/kg 


Specific  energy,  Wh/ibm 

Figure  C-2.  - Typical  lead-acid  battery  energy-power  relationship. 
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Piaure  C-2  shows  the  relationships  of  energy  to  power  for  the 
four  tvoel  of  Lad-acid  batteries.  The  energy  and  power  available 

from  a battery  only  partly  qualify  it  for  use  i as  a 

fnr  an  electric  vehicle.  These  two  parameters  contribute  to  tne 

ranee  and  acceleration  capability  of  a vehicle.  Another  important 

rpniar,^\  As  will  be  seen,  the  cycle  life  of  a battery  aepenot. 
on  the  depth  to  which  the  batteries  are  discharged.  Typically, 
deep  discharges  greater  than  a 50  percent  depth  of  discharge  are 
required  in  Electric  vehicle  systems.  The  four  types  of  lead-acid 

ss^AWffJss'srain.s  *S£  as  a?— 


TABLE  C-2.  - CYCLE  LIFE  AND  SPECIFIC  ENERGY  OF  LEAD-ACID  BATTERIES 


Battery  type 

Deep-discharge 

Specific  energy 

cycle  life,a 
number  of 

6-Hour 

rate 

2-Hour 

rate 

cycles 

MJ/kg 

Wh/lbm 

MJ/kg 

Wh/lbm 

Starting,  lighting, 
and  ignition 

Golf  car 

Semi- industrial 

j Industrial 

50  - 100 

200  - 400 
500  - 1000 
1000  - 2000+ 

0.12 

.12 

.11 

.080 

15 

15 

14 

10 

0.105 

.096 

.080 

13 

12 

10 

typical  deep  discharge  is  50  to  100  percent. 


purposes  is  the  specific  energy  of  each  type  <?f  ba“«y  hiahest 
and  6-hour  discharge  rates.  The  batteries  which  9 

specific  energies  have  the  shortest  cycle  lives,  while  the 
h^tteries  offerinq  the  lowest  specific  energy  (industrial 
batteries)  are  capable  of  many  more  discharges.  The  relationship 
ofspecific  energy  to  cycle  life  results  from  the  various 
construction  techniques  used  m fabricating  batteries. 

Design 

Plate  fabrication.  - The  design  of  a lead-acid  battery 
component  is  dependent  on  the  battery's  intended  use.  The  mam 
design  features  which  determine  the  performance  of  the  final 
product  are  plate  thickness,  number  of  plates  per  cell,  and  amount 
of  active  material  per  plate.  Thin  plates 

power  because  of  reduced  electrical  resistance,  while  thick  plates 
provide  high  cycle  life  due  to  a relatively  large  amount  of 
reserve  active  material.  The  amount  of  active  material  per  cell 
determines  the  specific  energy  and  total  energy. 
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Design  features  which  have  secondary  effects  on  battery 
performance  include  - 


(1)  Electrolyte  concentration 

(2)  Amount  of  electrolyte 

(3)  Amount  of  lead  in  terminals  and  types  of  terminals 

(4)  Separator  type  and  thickness  - 

(5)  Grid  design  and  type  of  material  used 

(6)  Paste  composition 


Battery  designs  incorporate 
parameters  depending  on  the 
further  discussion  of  this 


variations  of  these  secondary 
manufacturers'  preferences?  any 
is  beyond  the  scope  of  this  report. 


lead~acid  batteries  manufactured  in  the  United 
topically  use  pasted  positive  and  negative  electrodes  in 

Jead  ,??ovtrUHtl0S*  The.^id'  current  coliector,  is  a fine 

?lloy  web*  Tne  active  material  is  pasted  to  the  arid  and  is 
held  in  place  by  the  grid  design  features.  Plates  of  similar 
polarity  are  connected  by  cast  lead  or  lead  alloy  connectors 
^tween  the  electrodes  of  opposite  polarity  is  placed  a separator 

Plpp?rnTenfcSi thG  el?ct rodes  from  touching  while  allowingPthe 
electrochemical  reactions  to  take  place.  Industrial  lead-acid 

electrodls”^  V®  posltlve  tube  electrodes  rather  than  pasted 


S^I  batteries . - The  SLI  battery  is  desiqned  to  deliver  hioh 

TheCSLI  battervrcontr-°dS  °f  t0  Start  conventional  vehiclel. 

tfc  ? contains  very  thin  plates  which  are  lightly  loaded 

battery  isei^etialV,TFiCally  the  ener^  available  from  a SLI 
lioht  ni.f  lessthan  that  from  a golf  car  battery  because  of  the 

b ?h^a  ?=i0adln?:  ■The  thin  plates  all°«  high  specific  power, 
tn*Y*lso  result  in  shorter  deep-discharge  cycle  life  than 

battery  desi9ns*  ,fhe  cycle  capability  of  an  SLI  battery  is 
limited  to  less  tnan  100  deep-discharge  cycles.  Yet  in  their 

Whp^nd?u  U?e  ^-e*r  startin9  internal  combustion  engine  vehicles 
where  the  depth  of  discharge  is  typically  <10  percent??  the  cyc^ 

exceed  1000  cycles.  SLI  batteries  generally  have 
capacities  of  30  to  100  ampere-hours  and  can  del iver  internal 

TvSictl  SLISh^?!  atarting  currents  of  350  amperes  for  30  seconds. 
Typical  SLI  batteries  weigh  about  18  Kilograms  (40  lbm). 

Gglf  cat  batteries.  - The  golf  car  battery  is  typically  3 or 
6 cells  in  one  case  and  is  similiar  to  the  SLI  battery  in  size  and 
weight.  Figure  03  shows  a three-cell  golf  car  batterv  and 

LTIe-C'4  Sl\°WS  M°lf  Car  battery  insLliation  Golf 'car 

batteries  contain  19  to  29  pasted  plates  per  cell  with  the 
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Figure  C-4.  - Golf-car  battery  installation. 


sulfuric  acid  electrolyte  at  a specific  gravity  of  1.260  to  1.280 
when  charged.  Separators  may  be  paper,  rubber,  or  glass  mats. 
Manufacturers  have  tried  to  improve  the  golf  car  battery 
performance  in  efforts  to  make  them  more  compatible  with  electric 
vehicle  road  performance  demands.  These  efforts  include  varying 
the  thickness  and  number  of  plates,  increasing  the  electrolyte 
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concentration,  reducing  tne  weignts  of  terminals  and  case,  and 
redesigning  the  grids.  Increased  power,  energy,  and  cycle  life 
are  sought.  The  deep-discharge  cycle  life  presently  is  in  the 
200-  to  400-cycle  range.  Because  of  its  physical  size,  the  golf 
car  battery  is  finding  use  in  snail  venicles,  tnat  is,  passenger 
cars  and  small  vans.  Typical  golf  car  batteries  nave  a capacity 
of  100  to  150  ampere-hours  at  tne  75-ampere  rate  and  weign  from  27 
to  32  kilograms  (60  to  70  lbm). 

Semi-industrial  batteries.  - The  semi-industrial  battery  is 
similar  to  an  industrial  battery.  The  cells  may  contain  different 
numbers  of  plates  depending  on  the  expected  use.  Tne  plates  are 
thick,  for  good  cycle  life,  yet  tnin  enough  for  high  specific 
energies.  Each  cell  has  its  own  exposed ‘terminal . The  battery  is 
constructed  to  a customer's  voltage  requirements  by  fusing 
(leading)  appropriate  terminals  together.  Figure  C-5  snows  a 


Figure  C-5.  - Semi -industrial  battery  installation. 


semi-industrial  battery  installation.  Semi-industrial  batteries, 
because  of  their  size  (taller  than  golf  car  batteries),  are  more 
suited  for  use  in  vans,  trucks,  and  buses.  The  deep-discharge 
cycle  life  of  a semi-industrial  battery  ranges  from  500  to  1000 
cycles . 

Industrial  batteries.  - Industrial  batteries  are  used  mainly 
in  lift  trucks  where  cycle  life  and  available  energy  are  of 
primary  importance. 


industrial  oatterie»  may  use ^ “h i^co^truct io^/the  active 
Of  tne  Standard  pasted  . witn  lead  spines  in  eacn 

material  is  in  a tubular  configuration  wit  are  s3Veral 

tube  actincj  as  the  current .f^ictive  .alter la  1 in  eacn  tube  held  in 
such  tubes  per  plate  witn  » tubular  industrial  batteries 

s:r,'tsa»  fir  pi,“r*  M 


Figure  C-6.  - Tubular  industrial  lead-acid  cell. 


Shows  the  internal  construction  of  a tub ^ube^wlth 

~iu.  :«s.  ».«!»•  *•“  *■  * pia”- 

T».  K5-;'.Sb51“l .r.fuSr  “”a 

in  large  electric  vehicle  for  Qf  the  batteries  is 

“ff.1ir5“”nr««i.  »"a  “'•>  ar*  ■a!" 

importance . 
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Costs 

• and  °Pe,rating  costs  of  the  four  types  of 

negotij^d^^'^^^^^^^^^P^^^k^Disnount^wholesale^or 

w^^r^"irs^aa«rs  sssts;. 


TABLE  C-3.  - COST  OP  LEAD-ACID  BATTERIES 


Battery  type 

Initi< 

al  cost 

^Per-cycle  operating  cost 

Discharge 

rate, 

h 

$/MJ 

$/kWh 

$/MJ-cycle 

$/kWh-cycle 

Starting,  lighting, 
and  ignition 

19 

68 

0.19  - 0.38 

0.68  - 1.37 

2 

Golf  car 

14 

50 

0.04  - 0.07 

0.13  - 0 . 25 

Semi- industrial 

59 

210 

0.06  - 0.12 

0.22  - 0.44 

Industrial 

43 

150 

0.02  - 0.04 

0.08  - 0.15 

6 

except  for  the  industrial  battery.  As  can  be  seen,  the  initial 

ss5.ss.“totSrrsi?  is  'idS., 

sho„!  thp  k'  ?ufc  the  operating  cost  on  a per  cycle  basis 

least  toltli.  C°Stly  ^ the  industrial  to  be  the 

Foreign  Efforts 

a,  had®P®2!,Sf).dr®:l0?ments.in  iead-acid  battery  technology  (ref. 

) have  resulted  in  batteries  ranging  in  size  from  90  to  41P 

megajoules  (25  to  120  kWh)  having  specific  energies  of  0 1 4 to 
mhi8^a2°Ul^  Per  ltll°9«n.  (18  t°  23  Wh/lbm)  at  the  5-hour  rate 
tho  cmef7dKS0!?ai:?e  cycle  1 Ives  reported  vary  from  500  cycles  for" 

batted  ba“erlei?  t0  more  than  1000  <*«*«  for  the  Urge 
batteries.  The  major  emphasis  has  been  on  electrode  development. 

l?esL  German  and  United  Kingdom  efforts  (ref.  3)  have 
resulted  m reported  specific  energies  in  the  0.11-  to  0 14- 
egajoule  per  kilogram  (14-  to  18-wn/lbm)  range.  Efforts  in  these* 

nfUn^rleS  haVS  be?n  directed  toward  reducing  the  amount  and  weiqht 
?!L n°a"enetgy-pr°ducing  materials.  Reduction  in  maintenance  costs 

^^^•SSSed  through  ttle  use  °f  automatic  watering  systems 
which  maintain  a consuant  electrolyte  level  and  concentration 

durina  cna™^0",*  employed  are  automatic  temperature  control 

during  cnarge  and  discnarge  and  improved  charging  techniques. 
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Performance 

The  performance  characteristics  of  an  electric  vehicle  can  be 
directly  related  to  the  way  in  which  the  batteries  react  t 
operating  conditions  found  in  this  type  of  service. 

The  range  of  an  electric  vehicle  depends  on  the  relationship 
of  power  and  energy  available  from  its  battery.  The  energy 
the^battery  is  bounded  at  its  upper  limit  by  the  capacity 
(ampere-nours)  installed.  As  current  is  drawn,  the  volta|e 
decreases , as  does  the  available  capacity.  Therefore,  the  total 
energy  available  decreases  as  the  current  and  the  nt 

^battery increase.  Figure  C-7  shows  the  relationship  of  current, 
capacity^  and  voltage  fSr  a golf  car  battery  The  available 
caoacitv  and  voltage  are  strong  functions  of  the  curren 
Because^the  capacity  of  a battery  ^«eases  with  increasing 
current  drain,  the  range  of  an  electric  vehicle  will  decrease  a 
higher  vehicle  speeds  and  at  a high  frequency  of  stops  and  starts, 
both  of  which  require  relatively  large  current  drains. 
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Figure  C-7.  - Typical  golf-car  battery  discharge  curve. 


For  example,  an  electric  vehicle  tested  and  reported 
elsewhere  required  current  drain  of  45  amperes  to  maintain  aspee 
of  40  kilometers  per  hour  (25  mph)  and  70  amperes  to  maintain 
kilometers  per  hour  (35  mph).  With  reference  to  figure  C-7,  he 
battery  would  deliver  45  amperes  for  3.6  hours  (162  Ah)  and 
amperes  for  2.1  hours  (147  Ah).  Therefore,  the  vehicle  would 
travel  145  kilometers  (90  miles)  at  40  kilometers  Pe*;.h°“r  * ld 
mph)  while  at  56  kilometers  per  hour  (35  mph)  ^ vehicle  w 
travel  only  119  kilometers  (74  miles).  Acceleration  of  J-ni 
vehicle  required  a current  draw  of  100  amperes.  As  can  be 
from  figure  C-7  the  capacity  at  this  rate  is  lower  yet. 
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Therefore,  the  distance  the  vehicle  will  travel  decreases  as  the 
number  of  accelerations  per  unit  of  distance  traveled  increases. 

The  capacity  of  a battery  and  consequently  the  range  of  an 
electric  vehicle  also  vary  strongly  with  the  electroltye 
temperature.  Figure  C-6  shows  this  relationship  for  a lead-acid 
battery  discharged  at  the  1-hour  rate  (ref.  9).  The  available 
battery  capacity  at  0°  C <32°  F)  is  only  60  percent  while  that 
available  at  room  temperature  (27°  C?  80°  F)  is  100  percent.  As  a 
result,  cold-climate  performance  of  an  electric  vehicle  will  be 
substantially  reduced. 
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Figure  08.  - typical  relationship  of  capacity  and  electrolyte  temperature  for 
lead-acid  battery. 


The  capacity  of  a battery  also  depends  strongly  on  the  number 
of  times  it  has  been  cycled.  Shown  in  figure  C-9  is  a typical 

relationship  of  capacity  as  a function  of  cycle  life  for  two  types 
of  lead-acid  batteries  tested  in  the  laboratory  at  a 3-hour 
discharge  rate  (ref.  3).  The  thin  plate  battery  is  analogous  to  a 
golf  car  battery  or  SLI  battery,  and  the  clad  battery  is  analogous 
to  an  industrial  battery.  As  can  be  seen  from  figure  C-9,  the 
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lead-acid  battery  requires  a break-in  period  before  its  capacity 
is  maximized-  The  capacity  remains  constant  for  some  period  of 
time  and  then  begins  to  decline  as  the  battery  is  cycled. 

Therefore,  since  the  capacity  of  a battery  directly  affects 
the  range  of  an  electric  vehicle  and  the  capacity  of  a battery 
changes  as  it  is  being  used  (i.e.,  charged  and  discharged),  an 
electric  vehicle’s  range  will  follow  closely  the  rise  and  fall  of 
battery  capacity  (fig.  C-9). 

The  depth  of  discharge  has  a pronounced  effect  on  the  cycle 
life  of  a battery.  In  other  words,  the  distance  one  travels  in  an 
electric  vehicle  before  charging  the  batteries  determines  how 
often  the  batteries  need  to  be  replaced.  Shown  in  figure  C-10  are 
the  relationships  of  depth  of  discharge  to  expected  cycle  life  for 
two  types  of  batteries  - a small,  thin,  pasted-plate  type  and  a 
large,  high  capacity,  industrial  clad  battery  (ref.  3). 

An  electric  vehicle  which  uses  the  industrial  battery  will  be 
able  to  operate  for  2000  days  if  it  is  charged  on  a daily  basis 
after  it  has  been  driven  a distance  which  extracts  60  percent  of 
the  capacity  from  the  battery.  The  vehicle  would  only  operate  for 
1500  days  if  the  battery  is  discharged  80  percent.  Despite  the 
fact  that  the  vehicle  batteries  need  to  be  replaced  sooner  when 
operated  to  a depth  of  80  percent,  the  total  distance  traveled 
over  the  life  of  this  battery  is  essentially  unchanged  from  a use 
requiring  a 60  percent  depth  to  a use  requiring  an  80  percent 
depth.  However,  data  from  lift  truck  operators,  who  use 
industrial  batteries,  have  shown  that  the  most  cost-effective 
depth  of  discharge  is  around  80  percent.  In  figure  C-ll  is  shown 
the  relative  cost  per  unit  of  energy  removed  at  various  depths  of 
discharge  for  an  industrial  battery  (ref.  10).  As  can  be  seen, 
overdischarging  beyond  the  rated  capacity  and  underdischarging 
below  the  rated  capacity  increase  the  cost  substantially  over  the 
life  of  the  battery.  It  can  be  expected  that  similar  conclusions 
may  be  applied  to  electric  vehicles  which  use  other  types  of 
lead-acid  batteries. 

The  preceding  comments  on  lead-acid  batteries  have  been 
directed  to  the  capacity  available  from  a battery  and  how 
temperature,  cycle  life,  and  type  of  cycle  affect  the  performance 
of  an  electric  vehicle.  The  power  available  and  therefore  the 
maximum  speed  and  acceleration  capabilities  of  an  electric  vehicle 
are  also  affected  by  the  amount  of  use  (number  of  cycles)  the 
battery  has  experienced.  Continued  cycling  reduces  the  capacity, 
which  is  an  indication  of  the  amount  of  active  chemical  material 
available  to  produce  electricity.  As  less  material  is  available, 
the  current  density  per  plate  increases.  This,  in  effect,  is 
analogous  to  increasing  the  current  drain  from  a fresh  cell.  As 
can  be  seen  from  figure  C-7,  the  mean  voltage  drops  at  the  rate  of 
2 millivolts  per  cell  per  ampere  increase  in  current.  A 20 
percent  increase  in  current  from  100  to  120  amperes,  will  be 
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Figure  C-12.  - Resistivity  and  temperature  relationship  of  lead-acid  battery 
electrolyte.  Electrolyte  specific  gravity,  1.260. 
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Figure  C-13.  - Viscosity  and  temperature  relationship  of  lead-acid  battery 
electrolyte.  Electrolyte  specific  gravity,  1.300. 


reflected  in  a 4 percent  change  in  mean  cell  voltage.  Therefore, 
it  can  be  said  that  as  the  current  density  increases,  the  power 
available  at  a given  current  drain  decreases.  Also,  as  the 
battery  ages  the  grids  corrode,  thereby  increasing  its  internal 
electrical  resistance.  This  also  lowers  the  voltage  with  a 
corresponding  decrease  in  available  power. 

At  low  temperatures  the  electrolyte  resistivity  and  viscosity 
increase.  Figures  C-12  and  C-13  show  the  relationships  of 
electrolyte  resistivity  and  viscosity  to  temperature  (ref.  9).  As 
the  resistivity  increases  at  low  temperatures,  the  voltage 
decreases  for  a given  current;  thus,  less  power  is  available.  As 
the  electrolyte  becomes  more  viscous,  the  circulation  of  the 
electrolyte  within  the  electrode  pores  (required  to  complete  the 
electrical  circuit  within. the  battery)  decreases.  This  causes  a 
reduction  in  both  voltage  and  capacity  for  given  discharge  rates. 
Again,  both  the  power  and  available  energy  are  decreased. 
Therefore,  the  maximum  speed,  acceleration,  and  range  of  an, 
electric  vehicle  are  reduced  as  the  battery  ages  and  the 
temperature  drops. 

Lead-Acid  Battery  Charging 

Proper  charging  of  lead-acid  batteries  is  one  of  the  more 
critical  activities  to  be  performed  in  the  use  of  an  electric 
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vehicle.  Charging  directly  affects  (1)  the  range  of  the  vehicle, 
(2)  the  battery  life,  and  (3)  the  energy  consumption  of  the 
vehicle . 

Undercharging  will  reduce  the  range  of  a vehicle  since  full 
battery  capacity  has  not  been  restored.  Repeated  undercharging 
adversely  affects  the  life  of  a battery  since  it  usually  results 
in  an  unequal  state-of-charge  of  the  individual  cells.  Subsequent 
discharging  may  cause  the  lower  capacity  cells  to  be  depleted 
first  while  the  remainder  of  the  battery  is  still  at  nearly  full 
voltage.  In  order  to  continue  to  produce  the  current  demanded, 
the  chemical  reaction  in  the  depleted  cells  changes  to  one  of  grid 
corrosion.  This  "cell  reversal"  process  is  destructive  to  the 
cells  involved  and  eventually  to  the  battery  as  a whole. 

Overcharging  is  accompanied  by  electrolysis  of  water  from  the 
electrolyte.  As  a result,  excessive  amounts  of  water  must  be 
added  to  the  battery.  This  can  significantly  raise  maintenance 
requirements  and  costs.  Though  water  is  relatively  inexpensive, 
manually  topping-off  properly  and  neatly  the  50  to  100  individual 
cells  found  in  an  electric  vehicle  can  be  costly.  The  high  charge 
voltage  and  the  gassing  which  accompanies  overcharging  also  reduce 
cell  cycle  life  through  excessive  corrosion  of  positive  grids  and 
loosening  of  active  material.  Overcharging  is  also  wasteful  of 
energy  since  very  little  of  the  overcharging  energy  is  recoverable 
from  the  battery  during  discharge.  However,  due  to  the  inherent 
inefficiency  of  the  charging  process,  a 10  percent  overcharge 
normally  is  needed  to  replace  the  capacity  removed  on  a previous 
discharge  (ref.  9).  Excessive  overcharge  raises  the  battery  _ 
temperature?  and  without  proper  controls,  thermal  runaway,  which 
is  detrimental  both  to  chargers  and  batteries,  may  occur  (refs.  9 
and  11).  Thermal  runaway  is  a real  possibility  when  charge  is 
initiated  at  electrolyte  temperatures  above  50°  C. 

Controlling  undercharge  and  overcharge  must  be  accomplished 
by  the  battery  charger.  Unfortunately,  present  day  chargers 
usually  are  not  designed  to  sense  or  compensate  for  parameters 
such  as  temperature  or  battery  age  that  tend  to  shift  the  point  at 
which  batteries  are  fully  charged.  For  example,  the  voltage 
associated  with  the  lower  charge  current  used  near  full  charge 
(the  finish  rate)  varies  6.3  millivolts  per  cell  per  °C  (ref.  9) 
and  also  varies  with  the  charging  current.  For  a typical  fresh 
lead-acid  battery,  the  final  charging  voltage  at  the  8-hour  rate 
is  2.72  volts  per  cell,  while  for  the  16-hour  rate  it  is  2.66 
volts  per  cell  (ref.  9).  As  the  battery  ages,  the  current  and 
thus  the  voltage  necessary  to  maintain  an  equalized  charge  tend  to 
increase.  Overcharging  and  its  associated  gassing  affect  mainly 
energy  consumption  and  maintenance  cost.  Repeated  overcharge  or 
undercharge  also  affect  battery  life.  A further  improvement  of 
charging  procedures  and  eq*j^$ment  is  required  to  accommodate  the 
rather  complex  nature  of  the  lead-acid  charging  process  and  the 
fact  that  different  lead-acid  battery  designs  can  vary 
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considerably  in  their  characteristics.  Emphasis  should  be  on 
evaluating  and  adjusting  charge  conditions  to  return  full  capacity 
without  excessive  overcharge,  undercharge  or  gassing. 

"Fuel  gauges"  for  an  electric  vehicle,  commonly  called 
state-oir-charge  indicators,  that  can  control  charge  and  discharge 
accurately  have  been  under  intensive  investigation.  They  still 
remain  an  elusive  item  because  of  the  dynamic  character  of  the 
lead-acid  battery  system  (refs.  12  and  13). 

Charging  lead-acid  batteries  typically  requires  4 to  12 
hours.  If  charging  could  be  completed  in  less  time,  the  effective 
range  (miles/day)  of  an  electric  vehicle  might  be  substantially 
increased.  Battery  exchange  also  could  increase  the  effective 
range  of  a vehicle,  but  the  initial  cost  and  the  maintenance  cost 
of  an  extra  battery  set  might  be  prohibitive  to  the  vehicle  owner. 

Fast  charging  devices  have  been  investigated  by  many 
individuals  (refs.  14  and  15  and  private  communication  with  J. 
Smithrich,  NASA  Lewis).  One  such  charger  (private  communication 
with  J.  Smithrich,  NASA  Lewis ) is  able  to  recharge  a vehicle-size 
lead-acid  cell  to  76  percent  of  its  rated  capacity  in  1 hour.  The 
charge  efficiency  (ampere-hour  efficiency)  is  reported  to  be  95 
percent.  Results  of  this  type  are  encouraging,  but  the  energy 
efficiency  of  such  a charging  technique  and  its  effects  on  cycle 
life  are  yet  to  be  determined. 

Energy  Efficiency  of  Lead-Acid  Batteries 

The  energy  efficiency  of  a lead-acid  battery  and,  therefore, 
the  energy  consumption  of  an  electric  vehicle  are  strongly 
dependent  on  the  rate  at  which  the  battery  was  charged  and 
discharged,  the  overcharge  incurred,  and  the  depth  to  which  the 
battery  was  discharged. 

The  object  of  charging  a battery  is  to  replace  the  capacity 
removed  during  the  previous  discharge  (i.e.,  replace  the 
ampere-hours  removed).  The  rate  at  which  the  capacity  is  restored 
has  an  effect  on  the  voltage  necessary  to  sustain  this  rate.  The 
higher  the  rate  at  which  the  battery  is  charged,  the  higher  the 
charge  voltage  necessary  and  the  greater  will  be  the  energy  used. 
If  one  could  successfully  recharge  exactly  the  amount  removed  on 
an  ampere-hour  basis,  the  current  efficiency  would  be  100  percent. 
The  energy  efficiency  would  then  depend  on  the  ratio  of  the 
voltage  during  discharge  to  the  voltage  while  on  charge. 
Experiments  have  shown  that  discharging  a cell  at  the  5-hour  rate 
produces  an  average  discharge  voltage  of  1.95  volts  per  cell, 
while  charging  at  the  5-hour  rate  produces  an  average  voltage  of 
2.28  volts  per  cell  (ref.  9).  Therefore,  the  voltage  and  energy 
efficiency  are  both  86  percent.  In  practice,  some  overcharge  is 
necessary  to  account  for  current  losses  due  to  gassing  and 
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self-d ischarg  >n  standing.  A 10  percent  overcharge  is  considered 
adequate.  As  ; result,  the  energy  efficiency  drops  to  about  75 
percent  with  JO  percent  ampere-hour  efficiency.  Figure  C-7 
shows  that  the  discharge  voltage  varies  with  increasing  discharge 
current.  Consequently , the  energy  removed  will  be  somewhat  less 
than  that  which  can  be  accounted  for  by  the  drop  in  available 
capacity.  Sine  charging  must  restore  only  the  capacity  removed, 
the  energy  effi  ?ncy  will  be  lower  at  high  current  drains. 

The  charge  .cceptance  efficiency  (ampere-hour  efficiency)  is 
not  uniform  ovei  the  charging  period  and  is  lower  as  the  battery 
nears  full  charge.  A second  reaction,  hydrogen  gas  formation, 
competes  for  charging  current  as  the  charging  voltage  rises  near 
the  end  of  a charge.  Gassing  begins  at  cell  voltages  of  2.3  volts 
per  cell  and  continues  at  a nominal  rate  of  2.4  volts  per  cell, 
with  the  ons<-;:.  of  heavy  gassing  and  inefficient  charging  at  2.5 
volts  per  cell  (ref.  9). 

Battery  Maintenance 

Maintenance  procedures  for  lead-acid  batteries  normally 
consist  of  equalization  charges,  adding  water  to  the  electrolyte, 
and  cleaning. 

For  proper  operation  of  batteries  over  extended  periods  of 
time,  an  equalization  charge  is  necessary  on  a periodic  basis. 
Because  of  the  inevitable  variation  in  the  manufacture  of  cells 
and  in  self-disci.arge  rates,  the  cells  in  a battery  are  not  always 
in  the  same  state-of-charge  at  a given  time.  An  extended  period 
of  charge  at  the  finish  rate  (20  hour  rate),  commonly  called  an 
equalization  charge,  is  required.  During  this  equalization 
charge,  some  cells  will  be  overcharged  but  the  low  cells  will  be 
brought  up  to  full  charge,  equalizing  the  state-of-charge  of  the 
entire  battery. 

Overcharging  and  high  temperature  operation  necessitate 
adding  water  to  cells  on  a periodic  basis.  Adding  water  prevents 
plates  from  being  exposed  to  the  air  and  also  restores  the 
original  electrolyte  concentration.  Plates  exposed  to  the  air 
become  sulfated  and  inactive.  Because  of  the  large  number  of 
cells  in  a battery,  adding  water  can  be  a significant  maintenance 
expense.  Automatic  single-point  watering  systems  are  now  under 
development . 

Battery  tops  have  a tendency  to  become  coated  with  road  grime 
and  battery  acid.  Cleaning  with  water  or  dilute  sodium  bicarbonate 
is  required  on  a periodic  basis.  Cleaning  the  battery  terminals 
is  also  essential  fer  efficient  operation. 
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perform  .nee  of  Lead-Acid  Batteries  in  Vehicles 

Trie  battery  performance  in  the  vehicles  tested  for  this 
report  is  summarized  in  this  section.  Table  C-4  shows  battery 
performance  during  constant  speed  tests.  Shown  are  the  battery 
type,  the  ampere-hour  overcharge  in  percent,  and  the  resultant 
energy  efficiency  of  the  battery*  Also  shown  is  the  corrected 
energy  efficiency,  corresponding  to  an  overcharge  of  10  percent. 
The  energy  efficiency  ranges  from  43  to  79  percent  with  an  average 
of  63  percent  when  the  average  overcharge  is  34  percent.  When  the 
energy  efficiency  is  corrected  to  an  overcharge  of  only  10 
percent,  the  corrected  energy  efficiencies  range  from  65  to  85 
percent  with  an  average  efficiency  of  72  to  77  percent. 


TABLE  04.  - VEHICLE  BATTERY  PERFORMANCE  AT  CONSTANT  SPEED 


Battery  type 

Overcharge, 

percent 

Energy 

efficiency, 

percent 

Corrected 

energy 

efficiency, 

percent 

Golf  car 

20 

62 

65  - 70 

Golf  car 

23 

64 

70  - 75 

Electric  vehicle15 

43 

60 

75  - 80 

Electric  vehicle 

82 

43 

70  - 75 

Golf  car 

49 

58 

75  - 80 

Semi- industrial0 

10 

74 

70  - 75 

Golf  car 

14 

79 

80  ~ 85 

Average 

34 

63 

72  - 77 

Corresponding  to  overcharge  of  10  |ercent. 
bBattery  designed  for  electric  vehicles. 

c0utput  power  determined  from  manufacturer's  battery  data. 


OTHER  ELECTRIC  VEHICLE  BATTERIES 

Five  battery  systems  have  reached  a level  of  technical 
development  which  warrants  tests  in  electric  vehicles  to  establish 
engineering  feasibility  and  system  interface  relationships.  These 
batteries  are  described  in  this  section. 

Nickel-Zinc  Battery 

Description,  - One  of  the  major  contenders  for  the  second 
generation  power  source  for  electric  vehicles  is  the  nickel-zinc 
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system.  Successful  technology  advances  m recent  years  have  led 
to  an  interest  in  nickel-zinc  systems  as  a direct  replacement 
lead-acid  batteries  in  electric  vehicles.  The  nickel-zinc  system 
has  moved  from  the  small  cell  testing  phase  to  the  development  of 
full-sized  vehicle  batteries.  Substantial  efforts  are  underway  to 
develop  a practical,  low-cost  nickel-zinc  vehicle  battery. 

The  electrochemical  reactions  for  this  system  are 

Discharge 

2Ni00H  + Zn  + 2HpO  — 2Ni  (OH)  2 + Zn(OK)2 

Charge 

The  cells  are  assembled  in  a discharged  state  with  aqueous 
potassium  hydroxide  (KOH)  as  an  electrolyte.  Formation  charges 
must  be  used  before  the  cell  is  put  into  service. 

Large  (400  Ah)  cells  have  demonstrated  specific  energies  of 
0.24  to  0.28  megajoule  per  kilogram  (30  to  35  Wh/lbm)  at  the 
6-hour  rate  (ref.  16).  The  cycle  life  of  these  cells  is  over  250 
cycles.  Others  have  demonstrated  specific  energies  0.24  an^» 
megajoule  per  kilogram  (30  and  21  Wh/lbm)  at  4-  and  2-hour  rates, 
respectively,  for  a 300-ampere-hour  cell  (private  communication 
with  D.  Soltis,  NASA  Lewis).  Cycle  life  of  this  design  may  reach 
500  cycles  if  scale-up  procedures  are  effective.  Small  (<10  Ah) 
nickel-zinc  cells  of  the  same  construction  have  demonstrated  cycle 

lives  of  over  1000. 

Medium-size  cells  (145  Ah)  in  which  the  zinc  electrode  is 
mechanically  vibrated,  have  also  demonstrated  cycle  lives  of  over 
1000.  The  vibration  prevents  zinc  dendrites  from  forming;  thus, 
there  is  no  penetration  of  the  separator  nor  shorting  of  the  cell. 
The  specific  energy  of  these  cells  has  reached  0.14  megajoule  per 
kilogram  (18  Wh/lbm)  at  the  2-hour  rate  (ref.  17). 

The  cost  of  a nickel-zinc  battery  is  presently  prohibitive  as 
no  large-scale  production  facilities  exist;  the  demonstration 
batteries  were  handmade.  An  estimate  of  the  cost  of  a production 
model  nickel-zinc  system  is  beyond  the  scope  of  this  study. 

Others  nave  projected  $14  per  megajoule  ($50/kWh)  and  $0,014  per 
megajoule  per  cycle  ($0.05/kWh-cycle)  as  attainable  goals  (ret. 

18) . 

Performance  in  vehicles.  - Nickel-zinc  cells  of  300  - 

ampere-hour  capacity  have  been  built  and  tested  m an  experimental 
2-passenger  urban  car  and  in  two  quarter-ton  vans.,  (refs,  1»  an 
20)  During  these  tests,  direct  performance  comparisons  were  mad 
with  the  same  vehicle  powered  by  golf  car,  and  semi- industrial 
lead-acid  batteries.  Figure  C-14  shows  the  nickel-zinc  battery 
pack  used  in  the  quarter-ton  vehicle  tests. 
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Figure  C-14.  - Nickel-zinc  battery  for  a quarter-tr  1 delivery  van. 
Battery  capacity.  300  ampere-hours;  number  of  cells.  60. 


Tests  conducted  by  NASA  on  a quarter-ton  van  have 
remonstrated  an  87  percent  improvement  in  range  over  the  golf  car 
lead-acid  batteries  in  a 32-k ilometer-per-hour  ( 20-mph ) 
constvant-speed  tert.  The  nickel-zinc  version  traveled  88.3 
Kilometers  (54.9  miles),  and  the  golf  car  version  traveled  47.3 
kilometers  (29.4  miles).  On  a start  and  stop  driving  cycle 
(Scnedule  B,  SAE  J227a,  ref.  21))  the  improvement  was  slightly 
over  100  percent.  The  nickel-zinc  version  traveled  68.2 
kilometers  (42.4  miles),  and  the  golf  car  version  traveled  33.9 
kilometers  (21.1  miles).  The  USPS  has  tested  the  same  battery  in 
another  quarter-ton  van  under  similar  test  conditions.  The 
nickel-zinc  battery  showed  a 62  percent  improvement  in  range  over 
semi-industrial  lead-acid  batteries  in  a 48-k ilometer-per-hour 
(30-mph)  constant-speed  test:  The  nickel-zinc  version  traveled  88 

kilometers  (55  miles),  and  the  semi-industrial  version  traveled  55 
kilometers  (34  miles).  A 75  percent  improvement  in  range  was 
measured  during  a stop-and-go  driving  cycle  to  a maximum  speed  of 
24  kilometers  per  nour  (15  mph):  The  nickel-zinc  version  traveled 

28.2  kilometers  (17.5  miles),  and  the  semi-industrial  version 
traveled  16.1  kilometers  (10.0  miles). 

In  another  test,  an  electric  car  was  retrofitted  with  a 
nickel-zinc  battery  and  demonstrated  an  82  percent  range 
improvement  over  golf  car  batteries  in  a 64-kilometer-per-hour 
(40-mph)  constant-speed  test.  During  these  tests  the  vehicle  was 
able  to  travel  235  kilometers  (146  miles)  with  the  nickel-zinc 


battery,  compared  with  129  kilometers  (80  miles)  with  lead  acid 
golf  car  batteries. 

Charging.  - Because  of  the  early  development  status  of  the 
nickel-zinc  system,  the  chargers  used  were  laboratory  power 
supplies.  Using  these  power  supplies  facilitates  charge  control. 
Presently,  charging  is  terminated  on  a capacity  (ampere-hour) 
basis  with  a 5 percent  overcharge.  Additional  work  is  needed  to 
bring  charging  techniques  up  to  a level  commensurate  with  that 
required  to  meet  the  field— use  demands  of  an  electric  vehicle. 

Nickel-Iron  Battery 

Description.  - The  nickel-iron  battery,  originally  called  the 
Edison  cell,  has  undergone  significant  improvement  in  recent 
years,  primarily  because  of  research  and  development  on  improved 
iron  electrodes  (ref.  1).  Today  the  nickel-iron  system  performs 
well  enough  to  become  a contender  for  the  next  generation  of  power 
source  for  electric  vehicles.  The  system  has  a cycle  life  of  over 
1000  cycles,  which  is  longer  than  the  nickel-zinc  cycle  life,  and 
has  specific  energies  close  to  those  of  the  nickel-zinc  system. 

The  electrochemical  reactions  developed  for  the  updated 
system  are 

Discharge 

Fe  + 2NiOOH  + 2H?0  . ■—  Fe(OH)2  + 2Ni  (OH)  2 

Charge 

Laboratory  tests  on  this  system  have  shown  specific  energies  of 
0.16  megajoule  per  kilogram  (20  Wh/lbm)  at  the  2-hour  rate  (ref. 

5) . Over  1000  deep-discharge  cycles  have  been  obtained  in  the 
laboratory.  Peak  specific  powers  of  100  watts  per  kilogram  (45 
W/lbm)  are  also  reported  for  this  system  (private  communication 
with  J.  T.  Brown,  Westinghouse  Electric  Corp.). 

As  with  the  nickel-zinc  system,  the  nickel-iron  battery  mass 
production  costs  are  difficult  to  estimate.  Cost  goals  of  $33  per 
megajoule  to  $14  per  megajoule  ($120  to  $50  per  kWh)  have  been 
projected  (ref.  18). 

The  Japanese  government  has  supported  development  work  on 
this  system.  The  reported  performance  is  0.30  megajoule  per 
kilogram  (38  Wh/lbm)  at  the  j-  or  7-hour  rates  (ref.  20).  A cycle 
life  of  500  has  been  achieved.  Cell  construction  features  include 
four  terminals  per  cell,  synthetic  resin  separators,  and  sintered 
positive  and  negative  electrodes. 

Performance  in  vehicles.  - Nickel-iron  batteries  have  been 
installed  and  tested  in  two  electric  vehicles  by  Westinghouse,  one 
a van  and  the  other  a car.  Figure  C-15  shows  the  nickel- iron 
system  installed  in  a small  car.  Westinghouse  reports  (private 
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Figure  C-15.  - Nickel-iron  battery  installation. 


communication  with  J.  T.  Brown,  West inghouse  Electr ic  Corp. ) that 
the  nickel-iron  system  has  demonstrated  a 50  percent  improvement 
in  the  range  of  both  vehicles  over  the  range  of  the  same  vehicles 
using  golf  car  lead-acid  batteries.  The  van  was  able  to  travel 
114  kilometers  (71  miles)  and  the  car  96  kilometers  (60  miles), 
both  at  48  kilometers  per  hour  (30  mpn).  The  battery  size  in  both 
vehicles  was  58  megajoules. 

The  Japanese  government  has  reported  nearly  equal  performance 
of  two  electric  cars,  one  using  a nickel-iron  battery  and  tne 
other  a high  performance  long  life  lead-acid  battery  having  a 
specific  energy  of  0.18  megajoule  per  kilogram  (23  Wh/lbm).  The 
vehicle  powered  by  tne  nickel-iron  battery  was  able  to  travel  259 
kilometers  (161  miles)  at  a speed  of  40  kilometers  per  hour  (25 
mph)  while  the  lead-acid  battery  powered  vehicle  traveled  243 
Kilometers  (151  miles)  at  tne  same  speed  (ref.  8). 

Cnarging.  - Charging  still  remains  the  major  drawback. 

Because  of  the  low  overvoltage  of  hydrogen  gas  on  the  iron 
electrode,  charging  is  accompanied  by  a heavy  hydrogen  evolution 
so  that  the  system  is  inherently  energy  inefficient.  Typically,  a 
nickel-iron  battery  has  a charge/discharge  energy  efficiency  of  50 
to  60  percent  as  compared  to  75  percent  for  a lead-acid  battery. 

In  addition,  the  evolution  of  hydrogen  is  accompanied  by  heat 
generation  and  occurs  at  the  expense  of  using  water  from  the 
electrolyte.  As  a result,  the  charging  system  must  have 
electrolyte  coolant  loops,  heat  exchangers,  and  hydrogen 
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Figure  C-16.  - Nickel-iron  battery  charging  station. 
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Metal-Air  Batteries 

Description.  - The  metal-air  batteries, 
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used.  The  iron-air  system  used  in  this  type  of  hybrid 
configuration  (ref.  8)  has  demonstrated  a specific  energy  0.29 
megajoule  per  kilogram  (37  Wh/lbm)  at  the  5-hour  rate  and  the 
zinc-air  system  0.42  to  0.47  mega joule  per  kilogram  (53  to  59 
Wh/lbm)  also  at  the  5-hour  rate*  The  reported  cycle  life  of  both 
systems  ranges  from  a low  of  136  cycles  to  a high  of  over  230 
cycles.  Recharging  and  high  cost  are  still  areas  that  require 
investigation. 


Chemistry.  - The  electrochemical  reactions  for  the  two 
metal-air  systems  are 


Iron-air: 


Zinc-air: 


Discharge 

2Fe  + 0«  + 2H90  , 1 2Fe  (OH)  0 

2 2 Charge  2 


Discharge 

2zn  + o9  2zno 

Charge 

Both  systems  require  a third  electrode  for  charging  and  use  noble 
metals  in  the  air  electrode  to  extract  oxygen. 


Performance  in  vehicles.  — Both  zinc-air  and  iron-air 
batteries,  combined  with  high  power  lead-acid  batteries  in  hybrid 
configurations,  have  been  tested  in  vehicles  in  Japan.  A range  of 
260  kilometers  (162  miles)  at  40  kilometers  per  hour  (25  mph)  is 
reported  for  a Daihatsu  lightweight  passenger  car  powered  by  an 
iron-air/lead-acid  hybrid.  Two  other  vehicles,  one  a passenger 
car  and  the  other  a truck,  with  hybrid  zinc-air/lead-acid 
batteries  had  ranges  of  455  and  496  kilometers  (283  and  308 
miles),  respectively,  at  the  same  speed.  Complicated  recharging 
procedures  and  the  high  cost  of  air  electrode  materials  associated 
with  these  systems  are  problem  areas  under  investigation. 

Zinc  - Chlorine  Hydrate  Battery 

Description.  - Electrochemical  couples  involving  chlorine 
have  long  been  recognized  as  attractive  high  specific  energy 
systems,  but  they  require  a practical,  safe  method  for  storing 
chlorine.  In  the  zinc  - chlorine  hydrate  battery  developed  by 
Energy  Development  Associates,  the  problem  is  solved  by  storing 
chlorine  as  a solid  hydrate  (Cl 2 • 6H2O)  at  temperatures  near  8°  C 
(46°  F).  The  system,  as  designed  for  use  in  an  electric  vehicle, 
requires  electrolyte  circulation  pumps,  filters,  and  a 
refrigeration  unit  and  is,  in  essence,  a miniature  chemical 
processing  plant.  Despite  this  complexity,  the  system  has 
demonstrated  a specific  energy  of  0.23  megajoule  per  kilogram  (30 
Wh/lbm)  (ref.  1)  and  has  a projected  specific  energy  of  0.60 
mega joule  per  kilogram  (75  Wh/lbm)  in  a vehicle  configuration 
(ref.  22).  Thus,  it  has  attracted  considerable  interest  for 
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vehicles  and  for  bulk  electric  storage  for  utility  companies. 

Published  test  data  are  limited,  but  these  data  indicate  that 
the  system  his  limited  cycle  life,  for  which  resolutions  are  under 
investigation  (ref.  23). 


Chemistry.  - The  electrochemical  reactions  for  this  system 


are 


Zn  + Cl2  6H20 


Discharge 

Charge 


ZnCl2  + 6H2° 


During  charging,  elemental  zinc  metal  is  deposited  on  a grid  and 
chlorine  gas  is  liberated  from  the  counter  electrode,  both  coming 
from  a continuously  circulating  electrolyte  of  aqueous  zinc 
cnlori<'e.  The  zinc  remains  on  the  grid,  while  the  chlorine  is 
carried  out  of  the  cell  in  the  electrolyte.  1 " a separate 
container,  the  electrolyte  and  chlorine  are  cooled  and  solid 
chlorine  hydrate  is  formed  wnicn  separates  from  the  electroly  e. 
During  discharge  the  elemental  chlorine  in  the  hydrate  form  is 
liberated  through  heating  and  is  carried  to  the  cell  by  means  or 
the  electrolyte.  It  reacts  with  the  zinc,  forming  zinc  chloride 
and  delivering  usable  energy  from  this  reaction. 

Performance  in  vehicles.  - A single  test  has  been  made  of  a 
zinc  - chlorine  hydrate  battery  in  a converted  Vega.  Figure  C-17 
shows  the  zinc  - chlorine  hydrate  battery  installation.  The  range 
of  this  vehicle  is  reported  to  be  240  kilometers  (150  miles)  at  80 
kilometers  per  hour  (50  mph)  (ref.  23). 


Figure  C-17.  - Zinc-chlorine  hydrate  battery  installation. 
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Sodium-Sulfur  Battery 

Description*  - The  high  temperature  sodium-sulfur  system  is 
the  only  system  tested  in  a vehicle  to  date  which  holds  the 
promise  of  allowing  an  electric  vehicle  to  travel  320  kilometers 
(200  miles)  on  a single  charge.  Results  of  laboratory  tests  in 
single  cells  have  approached  a specific  energy  of  0.36  megajoule 
per  kilogram  (45  Wh/lbm) , almost  four  times  the  energy  density  of 
lead-acid  batteries. 

Chemistry.  - The  electrochemistry  of  the  sodium-sulfur  system 
can  be  represented  quite  simply  as 

Discharge 

xNa  + yS  < . - -I  Na  S 

Charge  x * 

where 
x = 2 

y = 3 to  5.2 

The  sodium  and  the  sulfur  must  be  in  liquid  form,  which  requires 
an  operating  temperature  of  300°  to  400°  C (570°  to  750°  F).  The 
solid  electrolyte  used  is  either  the  3'  or  0"  form  of  alumina  or 
hollow  borate  glass-fiber  tubes.  Both  types  of  solid  electrolyte 
are  designed  to  transport  the  Na+  ion.  Figures  C-18  and  C-19 
illustrate  conceptual  designs  for  single  cells  using  the  alumina 
and  glass-fiber  electrolytes. 


Sodium 

level 

(charged)- 

Reactant 

level 

(discharged)— 

Sulfur  level 
(charged)—^.. 


Metal  cell 
case—. 


-Anode  terminal 


^ Sodium 
^ reservoir 

— Metal  ceramic 
glass  seals 

Ceramic 

electrolyte 

/-  Cathode 
|:i  ,/{j)  terminal 

IL- — Active  zone 

(sulfur  graphite) 


Figure  C-18.  - Sodium-sulfur  cell  with  p-alumina  electrolyte. 
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Moure  C-19.  - Sodium-sulfur  cell  with  glass  fiber  electrolyte. 


Tahnr-aforv  results  in  the  United  States  and  foreign  countries 
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S ates  and  abroad. 


TABLE  C-5.  - LABORATORY  TESTS  OP  SODIUM-SULFUR  CELLS  AND  BATTERIES 


Type 

Electrolyte  | 

Performance 

Reference 

24-Cell  battery 

Ceram 

ic 

0.34  MJ/kg  (43  Wh/lbm); 
2000  cycles?  5000-h 
hot  life 

22 

11-Volt  battery 
28-Cell  battery 

0.28  MJ/kg  (35  Wh/lbm) 

0.32  MJ/kg  (40  Wh/lbm) ; 
92  cycles 

6 

8 

Single  cell 

0.22  - 0.25  MJ/kg  (28  - 
32  Wh/lbm)?  4000  - 
8000  cycles 

6 

Single  cell 

Glass  tube 

1600  cycles  at  10  to  _ 
25  percent  depth  of 
discharge?  3300-h 
life 

6 

Single  cell 



0.4  MJ/kg  (50  Wh/lbm); 
166  cycles;  1000  h 
hot  life 

22 

Performance  in  vehicles.  - A prototype  of  a beta  alumina 
sodium-sulfur  battery  was  tested  by  the  Electricity  Council  in  an 
electric  van  in  England  in  1973.  The  van  was  able  to  travel  more 
than  160  kilometers  (100  miles)  on  a charge.  This  battery  was  a 
960  cell  system  which  delivered  0.22  megajoule  per  kilogram  (28 
tfh/lbm)  (ref.  22).  Shown  in  figures  C-20  and  C-21  are  the  vehicle 
and  its  battery.  Another  prototype  sodium-sulfur  battery  was  also 
tested  by  the  Ford  Motor  Company  in  a Comet.  This  vehicle  was 
able  to  attain  a speed  of  113  kilometers  per  hour  (70  mph).  No 
range  data  were  published  for  this  test. 


Figure  C-20.  - Sodium-sulfur  battery. 


Figure  C-21.  - Bedford  van  powered  by  a sodium-sulfur  battery. 
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BATTERIES  FOR  HYBRID  VEHICLES 

Tnere  are  special  performance  requirements  for  a battery  used 
in  an  internal  combustion  engine  - battery  hybrid  electric  vehicle 
which  are  quite  different  from  the  performance  requirements  of 
batteries  used  in  pure  battery-powered  electric  vehicles  (refs.  24 
and  25).  All  internal  combustion  engine  - battery  hybrid  vehicles 
tested  have  used  lead-acid  batteries.  These  batteries  must 
deliver  high  specific  power  without  sacrificing  life  and  must  be 
able  to  be  charged  and  discharged  at  high  rates  but  to  shallow 
depths.  It  is  desirable  that  they  be  somewhat  insensitive  to 
overcharqe.  A typical  SLI  lead-acid  battery  is  the  best  candidate 
for  fulfilling  those  requirements.  The  SLI  uses  thin  plates  an 
thin  separators  and  has  adequate  capacity,  all  of  which  are 
desirable  for  hybrid  service. 

A U.S.  firm  (ref.  24)  has  furthered  SLI  technology  in 
attempts  to  optimize  lead-acid  performance  to  meet  the 
combustion  engine  - battery  hybrid  vehicle  requirements.  Through 
a redesign  of  grids  and  plate  dimensions  and  the  use  of 
conductive,  corrosion  resistant  alloys  and  thin  plates  and 
separators,  the  performance  of  the  SLI  battery  was  doubled  in  the 
hybrid  mode.  The  modified  SLI  battery  was  capable  of  a peak 
specific  power  of  330  watts  per  kilogram  (150  W/lbm)  with  cycie 
life  of  8000  to  10  500  very  shallow  cycles.  Others  (ref.  25)  have 
attempted  to  improve  SLI  performance  through  optimization  of  pore 
size,  plate  separation,  thinner  separators,  and  low  resistanc 
grids  and  separators.  At  present  no  improved  SLI  lead-acid 
battery  has  actually  been  tested  in  a hybrid  vehicle. 

SUMMARY  AND  CONCLUSIONS 

The  lead-acid  battery  clearly  represents  the  state-of-the-art 
in  electric  vehicle  batteries  today.  In  the  United  States  the 
golf  car  version  is  favored,  while  in  Europe  ana  Japan  tne 
semi-industrial  versions  are  used  more  frequently.  From  a 
performance  point  of  view,  the  lead-acid  battery  can  provide  a 
range  which  allows  today’s  electric  vehicles  to  fill  many 
functions.  However,  experience  with  golf  car  batteries  in<3icates 
that  improvements  in  battery  life  may  still  be  needed  to  achieve 
low  vehicle  operating  costs. 

The  new  battery  systems  have  all  exhibited  specific  energies 
well  above  those  of  lead-acid  batteries?  but  limited  life,  , 
charging  difficulties,  complexity,  and  cost  have  prevented  their 
use  in  electric  vehicles.  At  present  they  are  under  development 
and  available  only  at  high  cost.  It  is  expected,  however,  that  at 
least  one  type,  the  nickel-zinc  battery,  may  be  in  production 
within  3 to  5 years  at  a cost  that  is  to  be  competitive  with  the 

lead-acid  battery. 
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The  replacement  of  lead-acid  batteries  by  advanced  batteries 
will  depend  solely  on  their  ability  to  compete  on  the  basis  of 
life  cycle  cost.  Although  there  may  be  a segment  of  the  market 
willing  to  pay  a premium  for  extra  range,  it  appears  that,  in 
general,  improvements  in  the  lead-acid  battery,  coupled  with  more 
efficient  propulsion  systems,  will  result  in  a vehicle  that  can 
satisfy  the  driving  needs  of  a broad  segment  of  the  public. 
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APPENDIX  D 


IN-USE  SURVEY  OF  ELECTRIC  VEHICLES  - AUGUST  1977 

K.  Leschlv  and  J.  J.  Sandberg 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91103 


This  appendix  presents  data  and  information  on  in-use 
experience  with  electric  vehicles.  They  were  collected  by  the  Jet 
Propulsion  Laboratory  (JPL)  in  support  of  NASA  Lewis  Research 
Center  for  the  State-of-the-Art  assessment  under  Contract 
NAS  7-100. 

The  survey  conducted  by  JPL  was  limited  to  field  experience 
in  the  United  States  with  electric  delivery  vehicles  and  personal 
cars  and  with  United  States  built  electric  vehicles  operating  in 
Canada.  This  information  provided  part  of  the  material  used  to 
prepare  section  3.3. 

This  appendix  is  reproduced  as  received  from  JPL  without 
editing  by  the  NASA  Lewis  Research  Center. 
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ABSTRACT 


The  Electric  and  Hybrid  Vehicle  Research,  Development,  and 
Demonstration  Act  of  1976  charged  the  Energy  Research  and  Development 
Administration  (ERDA)  with  responsibility  for  preparing  a State-of-the- 
Art  Assessment  of  Electric  and  Hybrid  Vehicles.  One  element  of  the 
State-of-the-Art  Assessment  was  a survey  of  use  experience  with  on-road 
electric  vehicles,  identified  as  the  In-Use  Survey  of  Electric  Vehicles. 
Responsibility  for  the  State-of-the-Art  Assessment  was  assigned  through 
an  interagency  agreement  to  the  National  Aeronautics  and  Space  Administra- 
tion (NASA),  which  subsequently  assigned  responsibility  for  conduct  of  the 
In-Use  Survey  to  the  Jet  Propulsion  Laboratory  (JPL).  The  survey  focused 
on  collecting  engineering  data  on  use  experience  with  production  electric 
vehicles  in  the  United  States  and  Canada.  Data  collection  involved  tele- 
phone contacts,  mail  questionnaires,  and  site  visits  and  covered  approxi- 
mately 800  in-use  electric  cars  and  vans.  The  survey  also  included  a 
literature  review  of  foreign  use  experience. 

The  In-Use  Survey  indicated  that  approximately  3000  production, 
on-road  electric  vehicles  are  currently  in  use  in  the  United  States  and 
Canada.  The  total  on-road  EV  population  includes  additional  hundreds  of 
homebuilt  electric  vehicles;  i.e. , one-of-a-kind  vehicles  constructed  by 
individuals  who  generally  converted  them  from  internal  combustion  engine 
vehicles.  The  survey  concluded  that  existing  electric  vehicles  can  per- 
form satisfactorily  in  applications  that  have  limited  performance  require- 
ments, particularly  in  terms  of  range.  The  survey  found  that  electric 
vehicles  manufactured  in  the  United  States  exhibited  excessive  failure 
rates  characteristic  of  vehicles  which  have  not  reached  production 
maturity  and  that  support  organizations  for  these  vehicles  also  have  not 
attained  sufficient  maturity. 
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CHAPTER  1 


SUMMARY 


This  is  the  summary  of  the  final  report  for  the  In-Use 
Survey  of  Electric  Vehicles,  a task  performed  by  the  Jet  Propulsion 
Laboratory  (JPL)  in  support  of  the  State-o£-the-Art  (SOA)  Assessment  of 
Electric  and  Hybrid  Vehicles  conducted  by  the  Energy  Research  and  Devel- 
opment Administration  (ERDA) . This  SOA  Assessment  was  mandated  by 
Public  Law  94-413,  the  "Electric  and  Hybrid  Vehicle  Research,  Develop- 
ment, and  Demonstration  Act  of  1976."  The  National  Aeronautics  and 
Space  Administration  (NASA)  was  requested  by  ERDA  to  assume  responsibil- 
ity for  the  SOA  Assessment.  NASA  assigned  the  In-Use  Survey  element, 
defined  as  the  collection,  evaluation,  and  reporting  of  "engineering 
data  on  the  performance  of  electric  and  hybrid  vehicles  which  are  now  in 
service",  of  the  SOA  Assessment  to  JPL.  Lack  of  identifiable  hybrid 
vehicles  in  actual  use  application  resulted  in  the  survey  being  limited 
to  electric  vehicles,  thus  the  title:  "In-Use  Survey  of  Electric 

Vehicles." 

The  In-Use  Survey  involved  collection  and  evaluation  of  data 
on  over  800  on-road  electric  vehicles  in  use  in  the  United  States  and 
Canada.  The  surveyed  vehicles  included  those  produced  by  11  different 
manufacturers.  Data  collection  involved  contact  of  over  200  individual 
users.  Experience  gained  in  the  conduct  of  the  Survey  and  data  obtained 
on  use  experience  provide  a basis  for  certain  significant  conclusions 
relative  to  in-use  experience  with  on-road  electric  vehicles  in  the 
United  States  and  Canada.  These  conclusions  are: 

• Use  experience  with  electric  vehicles  in  the  United 
States  and  Canada  is  relatively  limited  in  terms  of 
number  of  vehicles  of  a particular  model  in  long 
term  use.  Total  production  on-road  electric  vehicles 
in  use  in  the  U.S.  and  Canada  probably  do  not  amount 
to  3,000  vehicles,  and  less  than  10%  of  these  have 
been  in  use  for  over  3 yr.  Only  a few  of  the  in-use 
vehicles  have  accumulated  as  much  as  10,000  mi. 

a Current  U.S.  manufactured  on-road  electric  vehicles 
are  not  mature  production  vehicles.  None  of  the 
vehicles  has  been  produced  in  sufficient  quantities 
to  achieve  development  maturity.  No  particular  make 
and  model  of  the  U.S.  vehicles,  i.o.»  the  same 
design  and  components,  has  been  produced  in  quantities 
in  excess  of  several  hundred.  From  the  design 
deficiencies  and  infant  mortality  failures  encountered 
in  use,  this  does  not  sCem  to  be  sufficient  to  attain 
production  maturity. 

• Support  and  service  also  are  not  mature,  compounding 
the  frequent  repair  problems.  Lack  of  support  and 
excessive  delays  in  obtaining  service  and  parts  are  far 
too  common  occurrences. 
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• Existing  designs  are  not  adequately  user-oriented. 

Many  of  the  vehicles  surveyed  were  excessively 
noisy  due  to  body  and  propulsion  system  noise  and 
this  should  not  be  characteristic  of  a well  designed 
electric  vehicle.  Most  state-of-charge  indicators 
are  ambiguous,  inaccurate  and  unreliable  causing 
many  users  to  be  stranded  unnecessarily.  Passenger 
comfort  also  has  received  inadequate  attention. 

• Inadequate  attention  has  been  given  to  facilitating 
- battery  maintenance.  None  of  the  vehicles  surveyed 

- has  a single-point  watering  system  and  many  have  very 

- poor  battery  accessibility. 

.Electric  vehicle  batteries  must  improve  in  terms  of 
cycle  life  over  that  experienced  with  in-use  electric 
-v  : ; vehicles  of  U.S.  manufacture  if  these  vehicles  are  to 

be  cost-competitive  with  ICE  vehicles. 

• Improvements  in  charger  technology  and  charging 

• - strategy  and  control  are  needed  to  reduce  charger- 

related  problems  and  eliminate  efficiency  losses  due 
to  overcharging. 

■ * 9 Enthusiasm  and  . commitment,  on  the  part  of  management, 

: v support  personnel,  and  drivers,  to  an  electric  vehicle 

■ program  can  greatly  increase  potential  for  success. 
Adequate  training  of  maintenance  personnel  and  drivers 
also  is  of  significant  importance, 

••  Record  keeping  is  inadequate  for  assessment  of 

performance  of  in-use  electric  vehicles,  particularly 
assessment  of. cost.  Development  of  an  adequate  data 
- . base  would  require  a highly  structured  data  acquisition 
program  involving  record-keeping  by  trained  personnel. 

. - t :.P . - . Electric  Vehicles  should  be  deployed  in  concentrations 
substantial  enough  to  assure  adequate  support.  These 
concentrations  should  probably  be  between  50  and  100 
vehicles  to  justify  necessary  skilled  support  personnel 
and  stock  of  replacement  parts.  Concentrations  also 
afford  economy  of  scale  for  routine  maintenance  and 
facilitate  thorough  and  accurate  recordkeeping. 

1.1  • BACKGROUND,  PURPOSE  AND  OBJECTIVES 

The  background  of  the  In-Use  Survey  is  centered  on  the 
enactment  of  the  Electric  and  Hybrid  Vehicle  Research,,  Development 
and  Demonstration  Act  of  1976,  This  Act  established  in  ERDA  a 5-ycar, 
$160,000,000  program  for  the  development  and  demonstration  of  electric 
and  hybrid  vehicles.  The  policy  of  Congress  is  stated  in  the  Act  as 
to  demonstrate  the  economic  and  technological  practicability  of 
electric  and  hybrid  vehicles  for  personal  and  commercial  use  in  urban 
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areas  and  for  agricultural  an<*  personal  use  in  rural  areas.11  In  keeping 
with  this  objective  the  focus  of  the  program  defined  by  the  EHV  Act  is 
on  the  demonstration  of  electric  vehicles.  Among  research  and  develop- 
ment requirements  specified  by  the  Act  in  direct  support  these 
demonstrations  is  an  assessment  of  the  state-of-the-art  of  electric  and 
hybrid  vehicles.  In  accordance  with  the  act  designation  of  NASA  as  a 
resource  to  be  used  in  performing  the  RD&D  requirements,  ERDA  delegated 
responsibility  for  the  SOA  Assessment  to  NASA.  NASA  developed  a State- 
of-the-Art  Assessment  Plan,  including  a requirement  for  an  In-Use  Survey 
of  Electric  and  Hybrid  Vehicles.  Primary  responsibility  for  the  SOA 
Assessment  was  assigned  to  NASA  Lewis  Research  Center,  and  responsibility 
for  conduct  of  the  In-Use  Survey  was  assigned  to  JPL. 

The  purpose  of  the  in-use  survey  was  identified  in  the  State- 
of-the-Art  Assessment  Plan  as  the  determination  of  the  suitability  of 
electric  and  hybrid  vehicles  for  real  jobs.  Since  the  suitability  of 
electric  vehicles  has  been  clearly  demonstrated  in  such  applications 
as  golf  carts,  industrial  lift  trucks,  and  in-plant  vehicles,  the  thrust 
of  the  In-Use  Survey  and  the  total  SOA  Assessment  was  directed  at  on- 
road vehicles.  The  intent  of  the  SOA  assessment  to  be  supportive  of  the 
demonstration  program  and  time  and  budget  constraints  dictated  that  the 
survey  be  focused  on  in-use  exoerience  with  on-road  production  electric 
vehicles  within  the  United  States  and  Canada.  Therefore,  direct  survey 
of  users  was  limited  to  these  countries  and  reporting  of  other  foreign 
experience  was  limited  to  information  readily  available  in  literature. 

The  type  of  data  to  be  collected  was  defined  as  engineering  data  on 
vehicle  performance,  energy  consumption,  durability,  operating  costs, 
and  the  effects  of  weather  conditions.  Electric  busses  were  not 
included  in  this  survey  as  data  on  their  use  was  to  be  obtained  from  a 
separate  survey  being  conducted  by  the  Department  of  Transportation. 

In  attempting  to  identify  users  of  electric  vehicles,  a 
review  of  on-road  electric  vehicle  manufacturers  was  undertaken,  reveal- 
ing an  interesting  phenomenon  relative  to  the  stability  of  the  industry. 
Tabulation  of  manufacturers  involved  in  production  of  on-road  electric 
vehicles  from  1973  through  1976  shows  an  overall  growth  in  the  number 
of  manufacturers  but  a very  high  turn-over.  Among  US  manufacturers  of 
passenger  cars  under  2000  lbs  gross  vehicle  weight,  of  the  14  manu- 
facturers identified  in  1976,  only  2 were  among  the  6 listed  in  1973 
and  only  3 among  the  11  listed  in  1974. 


1-7  APPROACH  AND  CONDUCT  OF  SURVEY 

The  approach  to  the  in-use  survey  was  structured  to  obtain 
the  maximum  amount  of  engineering  data  available  on  use  experience  with 
electric  vehicles  in  the  United  States  and  Canida.  Survey  candidates 
were  limited  to  production  vehicles,  i.e.,  those  which  were  produced 
by  manufacturers  for  commercial  sale  or  with  the  intent  of  commercial 
sales.  The  initial  step  in  the  survey  process  was  the  identification  of 
survey  candidates.  Concurrent  with  the  identification  of  survey 
candidates,  the  process  involved  determination  of  data  requirements  and 
development  of  data  forms  for  the  collection  of  the  required  data. 
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These  steps  were  followed  by  the  major  task  of  the  survey,  the  actual 
data  collection..  Identification  of  survey  candidates  and  data  collec- 
tion involved  the  contact  of  many  individuals  and  organizations  assoc- 
iated with  electric  vehicles.  These  included  manufacturers,  publishers, 
industrial  associations,  and  electric  vehicle  clubs,  as  well  as  NASA 
and  ERDA  personnel  with  extensive  electric  vehicle  experience.  The 
data  collection  phase  also  involved  numerous  site  visits  to  users  and 
sponsors  of  these  programs.  A list  of  contacts  and  site  visits  is  con- 
tained in  the  Appendix. 

Initial  criteria  applied  in  the  identification  of  survey 
candidates  required  that  the  user  be  a major  user,  i.e.,  either  an 
operator  of  a sizable  fleet  of  electric  vehicles  or  a long  term  user 
of  electric  vehicles,  and  have  extensive  records  on  the  use  experience. 
However,  the  identification  process  soon  revealed  that  the  population 
of  users  meeting  these  criteria  was  so  limited  that  the  requirements 
were  relaxed  to  include  consideration  of  users  meeting  any  of  the 
criteria. 


A preliminary  list  of  data  required  to  meet  the  objectives 
of  the  In-Use  Survey  was  developed  based  on  specific  items  identified 
in  the  SOA  Assessment  Plan  and  discussions  with  cognizant  staff  per- 
sonnel. These  data  requirements  focused  on  defining  the  applications, 
reliability,  and  cost  of  electric  vehicles  in  actual  use.  A set  of 
basic  data  sheets  was  developed  from  this  list.  The  initial  data  list 
Is  presented  in  the  report  as  Table  3.1,  and  the  survey  data  forms  .are 
presented  in  the  Appendix  to  the  report.  In  addition  to  the  basic  data 
sheets,  two  additional  special  purpose  survey  forms  were  developed  dur- 
ing the  course  of  the  survey.  They  consisted  of  a questionnaire 
developed  to  obtain  supplemental  data  from  Battronic  Minivan  users  and 
a questionnaire  designed  for  mail-out  to  owners  of  Citicars  and  Elcars. 
Copies  of  these  survey  forms  are  also  contained  in  the  Appendix. 

Telephone  contacts  were  used  to  determine  data  availability 
and  the  most  effective  method  of  obtaining  the  use  data.  In  some 
cases  this  resulted  in  the  user  submitting  what  data  were  available  by 
mail.  Other  cases  required  official  letters  requesting  the  desired 
data  and  data  forms  to  guide  the  user  in  supplying  it.  In  the  case  of 
major  use  programs,  site  visits  were  arranged  to  permit  direct  obser- 
vation of  the  operation  and  collection  of  data  from  the  users  records. 
Data  collection  in  the  case  of  some  programs  involved  combinations  of 
mail-in  responses  and  site  visits.  Site  visits  were  judicially 
selected  on  the  basis  of  need,  significance,  and  cost  to  make  maximum 
use  of  available  time  and  budget.  The  extent  and  dispersion  of  Citicar 
an4  Elcar  users  necessitated  use  of  a mail-out  questionnaire  to 
owners  to  obtain  representative  sample  of  use  experience  with  these 
vehicles.  Response  to  this  mail  survey  has  been  extremely  good, 
approaching  50%  of  owners  surveyed. 


Data  availability  varied  greatly  among  users  surveyed.  Some 
users  kept  fairly  complete  records  of  vehicle  performance  but  others 
were  found  to  have  basically  no  definitive  record.  In  none  of  the 
survey  cases  were  data  records  as  complete  and  accurate  as  required  by 
the* Survey  objectives.  The  most  complete  records  were  those  from  the 
major  use^rograms  which  were  designed  to  include  data  collection  and 
monitoring!  Data  deficiences  in  these  programs  were  primarily  due  to 
inaccurate  record  keeping,  incomplete  reporting,  and  insufficient  detail 
■in  the  area  of  repair  and  cost  requirements.  The  data  item  most  fre 
quencly  recorded  in  rigorous  detail  was  energy  consumption  interms  of 
electricity  input  to  the  charger.  The  areas  of  greatest  deficiency  in 
data  on  use  experience  with  Electric  Vehicles  is  that  of  total  mainte- 
nance costs  (i.e.,  routine  maintenance  and  repair  costs)  battery 
replacement  requirements  (cycle  life)  and  vehicle  life.  Ironically, 
electricity  consumption,  the  factor  most  rigorously  recorded,  generally 
constituted  less  than  10%  of  total  vehicle  costs. 

Response  to  requests  for  information  and  data  on  use  exper- 
ience with  electric  vehicles  was  on  the  whole  extremely  good.  Particu- 
larly good  cooperation  was  obtained  from  users  and  sponsors  of  use 
programs.  Responsiveness  was  somewhat  correlated  with  satisfaction 
S the  vehicles  in  use  and  enthusiasm  for  electric  vehicles;  however, 
excellent  cooperation  was  obtained  from  many  users  who  had  negative  use 
experience  with  electric  vehicies.  While  some  manufacturers  were 
extremely  cooperative  and  helpful,  generally  more  difficulty  was 
encountered  in  obtaining  information  from  manufacturers  than  from 
u“  £ack  of  records  was  a far  greater  limitation  to  the  survey  than 

obtaining  data  which  were  available. 


1,3  SURVEY  POPULATION 

Although  the  survey  population  was  directed  at  U.S.  manu- 
factured electric  trucks,  vans,  and  passenger  cars,  the  In-Use  Survey 
did  include  three  exceptions  to  this  category  of  vehicles,  the 
English-made  Harbilt  vans  in  use  by  the  U.S.  Postal  Service,  the 
Italian-made  Elcar  imported  for  distribution  in  the  U.S.  by  Elcar 
Corporation,  and  the  CDA  van  which  despite  its  extensive  use  experience 
is  a prototype  vehicle  not  constructed  with  the  intent  of ^commercial 
sale.  Also,  a summary  of  foreign  use  experience  extracted  from  avail- 
able literature  is  presented  in  this  report,  but  direct  coverage  o 
foreign  use  experience,  outside  of  Canada,  was  not  within  the  scope  of 
the  survey.  A brief  discussion  of  home-built  vehicles  is  presented 
because  of  the  significant  use  papulation  represented  by  these  no«PJ-°“ 
duction  vehicles.  The  survey  population  includes  ^ose  vehicles  and 
users  which  were  identified  and  determined  to  provide  the  information 
most  suitable  to  the  objectives  of  the  Survey.  It  clearly  does  not 
include  all  on-road  electric  vehicles  manufactured  for  sale  in  the 
United  States. 
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I. 3.1  Vehicle  Types,  Characteristics,  and  Performance 

Vehicle  types  included;  in  the  survey  population  are 
Classified  in  two  major  categories;  work  vehicles  and  passenger  cars. 
The  work -vehicle  category  is  cpmppsed  of  the  set  of  vehicles  produced- 
primarily  for  commercial  applications,  and  variously  identified  as  light 
trucks,  utility  vans,  or  delivery  vans.  The  passenger  car  category 
includes  vehicles  built,  primarily  for  use  as  passenger  vehicles  or 
private  automobiles,  even  though  their  application  may  be  of  a commer- 
cial nature  in  some  cases.  . • 

Work  vehicles' within  the  survey  population  consisted  of 
five  vehicle  models;  AM  General,  DJ-5E,  Battronic  Minivan,  Harbilt 
utility  van,  Otis  P-500  van,  and  CPA  electric  van.  The  characteristics 
of  these  work  vehicles  and  the  quantities  in  use  are  presented  in 
Table  1-1 (a)  (English  Units)  and  Table  1-1 (b)  (SI  Units).  This  total 
population  includes  only  about  500  vehicles  in  the  hands  of  users.  The 
electric  vans  range  in  size,  in  terms  of  curb  weight,  from  just  over 
3500  lb  (1590  kg)  to  almost  7000  lb  (3180  kg).  The  performance  capa- 
bilities of  these  electric  work  vehicles  vary  considerably.  Top  speed 
varies  from  33  mph  (53  km/hr)  for  the  Harbilt  and  DJ-5E  to  53  and  55  mph 
(85-88  km/hr')  for  the  CPA  van  and  Battronic  Minivan,  respectively. 

Range  in  urban  driving  cycles,  as  reported  in  NASA  tests,  varied  from 
about  30  to. 50  mi  (48-80  km).  The  heavier  vehicles,  the  Battronic 
Minivan  and  CDA  van,  with  their  attendant  greater  battery  weight  and 
capacity  consistently  show  higher  performance  capabilities  in  terms  of 
top  speed,  acceleration  rates,  and  range. 

Six  vehicles  classified  as  passenger  cars  were  included  in 
the  survey  population.  These  were  the  Citicar,  Elcar,  EVA  Sedan,  Mars 

II,  EVE  Islander,  and  Electra  King.  Four  of  these  models  are  built 
directly  as  electric  vehicles,  i.e.,  the  Citicar,  Elcar,  EVE  Islander, 
and  Electra  King.  The  other  two,  the  EVA  Metro-sedan  and  the  Mars  II, 
are  both  conversions  of  conventional,  internal  combustion  engine  (ICE) 
Renault  sedans.  The  passenger  car  population  is  clearly  dominated  by 
the  Citicar, -which  has  a user  population  estimated  to  be  about  1500 
vehicles,  or  approximately  80%  of  production  electric  passenger  cars 
estimated  to  be  in  use  in  the  United  States  and  Canada.  The  character- 
istics of  these  six  passenger  car  models  and  the  quantities  esti- 
mated in  use  are  presented  in  Tables  l-2(a)  and  1-2 (b),  These  vehicles 
range  in  price,  in  1977  dollars,  from  $3300  for  the  Citicar  to  approxi- 
mately $11,000  for  the  EVA  Sedan.  Price  is  somewhat  correlated  to 
vehicle  weight  which  ranges  from  1,091  lb  (495  kg)  for  the  Elcar  to 
4,040  lb  (1834  kg)  for  the  Mars  II,  Little  performance  information  was 
available  on  the  passenger  car  vehicles  outside  of  manufacturers  * 
claims  of  performance  capabilities.  These  claims,  plus  limited  test 
data,  indicate  that  the  range  of  these  vehicles  varies  from  25  to  50  mi 
(40  to  80  km)  in  urban  driving,  with  the  exception  of  the  Mars  II  which 
attained  a range  of  73  mi  (117  km)  on  a city  driving  cycle  in  a test 
conducted  by  Cornell  Aeronautical  Laboratory.  Top  speed  of  the  vehicles 
is  in  the  neighborhood  of  30  to  35  mph  (48  to  56  km/hr)  with  the  excep- 
tion of  the  EVA  Sedan  and  Mars  II  which  have  top  speeds  in  excess  of 
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Table  l-l(a).  Vehicle  Characteristics  -Work  Vehicles 
(English  Units) 


_ — 

DJ-5E 

Battronic 

Otis 

CDA  Van 

Harbilt 

Minivan 

P-500 

Humber  of  vehicles 

1 

Total  in  use3 

31 

289 

112 

40 

Total  surveyed 

31 

289 

80 

3 

l 

Manufacturer  Harbilt  Electric 

of  England 

AM  Ceneral 
Gould,  Inc. 

Battronic  Truck 
Corporation 

Otis 

Elevator 

An tares  Engr. 

Initial  cost'b 

$9500 

$6600 

$10,834 

$11,000 

N/A 

Dimensions 

Wheelbase  (in.) 

103 

81 

94.5 

96 

150 

Length  (in.) 

148 

133 

145 

138 

192 

Width  (in.) 

64 

70.6 

74 

62 

75 

Height  (in.) 

75 

73.8 

92 

74.2 

69 

3 

Cargo  Capacity  (ft  ) 

N/A 

60 

N/A 

175 

Curb  weight  (lb) 

3565 

3625 

5800 

3620 

5100 

Payload  (lb) 

900 

675 

500 

500 

1000 

Batteries3 

Number  of  units 

2 

1 

2 

2 

36 

Total  cells 

36 

27 

56 

48 

108 

Weight  (lb) 

1812 

1260 

2400 

1040 

2340 

Motor 

Type 

DC  scries 

DC  compound 

DC  series 

DC  scries 

DC  series 

Rating  (lip) 

12.5 

10 

42 

30.4 

22 

Thyristor 

SCR 

SCR 

SCR 

Contactor/ 

Controller 

resistor 

Transmission 

None 

None 

2 speed 

None 

Modified 

automatic 

^ Count  or  estimate  of  total  number  which  are,  or 
the  United  States  and  Canada. 

have  been,  in  1 

use  application  within 

(b)Purchase  price  or  estimated  initial  cost  converted  to  1977  dollars. 

<C>AX1  arc  lead  acid,  pasted  plate  construction  except  for  Harbin  which  has  tabular 
construction.  ■ 
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Table  1-1 (b).  Vehicle  Characteristics  - Work  Vehicles 
(Metric  Units) 


Harbilt 

DJ-5E 

Battronic 

Minivan 

Otis 

P-500 

CDA  Van 

! 

Number  of  vehicles 

j 

Total  in  use^ 

31 

362 

112 

•u40 

1 

Total  surveyed 

3L 

362 

80 

3 

1 

.Manufacturer  Harbilt  Electric, 

of  England 

AM  General 
Gould.  Inc. 

Battronic  Truck 
Corporation 

Otis 

Elevator  Co. 

Antares  Rngr. 

Initial  cost^  . 

$9500 

$6600 

$10,834 

$11,000 

! j 

N/A  J j 

Dimensions 

j; 

Wheelbase  (cm) 

262 

206 

240 

244 

1 : 

381  ! • 

Length  (cm) 

376 

338 

368 

351 

488  j 

Width  (cm) 

163 

179 

188 

158 

191  !' 

Height  (cm) 

191 

187 

234 

188 

175  • ;•! 

Cargo  capacity  (m3) 

N/A 

1.7 

N/A 

N/A 

4.95 

Curb  .weight  (kg) 

1619 

1646 

2633 

1642 

2315 

Payload  (kg) 

409 

306 

227 

227 

454  j. 

Batteries^ 

Number  of  units 

2 

1 

2 

2 

36  |1 

Total  cells 

36 

27 

56 

.8 

108 

Weight  (lb) 

1812 

1260 

2400 

1040 

2340  j 

Kotor 

| 

Type 

DC  scries 

DC  compound 

DC  series 

DC  scries 

i 

DC  series  | 

Rating  (kW) 

9.33 

7.5 

31 

22.4 

16  ! 

Controller 

Thyristor 

SCR 

SCR 

Contactor/ 

resistor 

Transmission 

None 

None 

2 speed 

Modified 

automatic  j 

(a) 

Count  or  estimate  of  total  number  which  are  or  have  been  purchased  for 
the  United  States  and'  Canada. 

use  application  within 

[ 

^Purchase  price  or  estimated  initial  cost  converted  to  1977  dollars. 

(c) 

A11  are  lead  acid,  pasted  plate  construction  except  for  Harbilt  which  has  tabular  construction. 


Passenger  Cars 


Table  1-2 (a) 


Vehicle  Characteristics v 
(English  Units) 


Cltlcar 

Elcar 

EVA  Sedan 

Ilara  11  Islander 

Elcctra 

King 

Humber  of  vehicles 

Total  In  use*b* 

1.1500 

*100 

*15 

45 

25 

*300 

Total  surveyed 

230 

20 

10 

& 

25 

0 

Manufacturer 

Sebrlng 

Vanguard 

Zagato 

EVA 

EFP 

EVE 

B&Z 

Electric 

Initial  cost^ 

$3300 

$3500 

$11,000 

$9500 

H/A 

$3500 

Dimensions 

Wheelbase  (In.) 

63 

51 

96 

89 

94 

65 

Length  (In.) 

95 

84 

174 

167.5 

125 

101 

Width  (In.) 

55 

53 

64.5 

60 

75.5 

45 

Height  (in.) 

58 

63.5 

56.6 

55.5 

60 

60 

Humber  of  passengers 

2 

2 

4 

5 

4 

2 

Curb  weight  (lb) 

1250 

1091 

3150 

4040 

2500 

1350 

Batteries 

Humber  of  units 

8 

8 

16 

4 

14 

8 

Total  cells 

24 

48 

48 

60 

42 

24 

Weight  (lb) 

*480 

*480 

1040 

1900 

8S0 

570 

Motor 

Type 

DC  series 

DC  series 

DC  scries 

DC  series 

DC  series 

DC  series 

Rating  (hp) 

6 

2.7 

12 

15 

10 

3.5 

Controller 

Voltage 

switching 

Voltage 

switching 

SCR 

Voltage 

switching 

H/A 

Voltage 

switching 

Transmission 

Hone 

Hone 

Automatic 

transaxle 

4 speed 

N/A 

Hone 

^Characteristics  reflect  current 
^Estimate  of  total  number  which 

or  most  common  model 
are,  or  have  been,  in  use 

application  in 

che  U.S. 

and  Canada. 

^Purchase  price  in  1977  dollars. 

*d*All  are  lead  acid,  pasted  plate  construction 

. Mars  II  arc  lead  acid/cobalt. 
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Table  1-2 (b).  Vehicle  Characteristics'3^  - Passenger  Cars 
(Metric  Units) 


Citlcar 

Clear 

EVA  Sedan 

Mars  II 

Eve 

Islander 

Elcctra 

King 

Number  of  vehicles 

Total  In  usc^ 

*1500 

*100 

*15 

45 

25 

*300 

Total  surveyed 

230 

20 

10 

8 

25 

0 

Hanufacturcr 

Sebrlng 

Vanguard 

Zagato 

EVA 

EFP 

EVE 

B&Z 

Electric 

Initial  cost^ 

$3300 

03500 

$11,000 

$9500 

N/A 

$3500 

Dimensions 

Wheelbase  (cm) 

160 

130 

244 

226 

239 

165 

Length  (cm) 

241 

213 

442 

425.5 

318 

257 

Width  (cm) 

140 

135 

163.8 

152 

191.8 

114 

Height  (cm) 

147 

161.3 

143.8 

140.9 

152 

152 

Number  of  passengers 

2 

2 

4 

5 

4 

2 

Curb  weight  (kg) 

567.5 

495.3 

1430 

1834 

1135 

612.9 

Batteries 

Number  of  units 

8 

8 

16 

4 

14 

8 

Total  cells 

24 

48 

43 

60 

42 

24 

Weight  (lb) 

*480 

*480 

1040 

1900 

850 

570 

Motor 

Type 

DC  series 

DC  series 

DC  scries 

DC  series 

DC  series 

DC  series 

Rating  (kW) 

4.5 

2.0 

8.95 

11.2 

7.46 ■ 

2.6 

Controller 

Voltage 

switching 

Voltage 

switching 

SCR 

Voltage 

switching 

N/A 

Voltage 

switching 

Transmission 

None 

None 

Automatic 

transaxle 

4 speed 

N/A 

None 

^Characteristics  reflect  current  or  most  common  model. 

^.Estimate  of  total  number  which  arc  or  have  been  purchased  for  use  application  In  the  ll.S.  and 
Canada. 

fcl 

Purchase  price  In  1977  dollars.  , 

^All  are  lead  acid,  pasted  plate  construction.  Hats  II  ate  lead  ncid/cobalt. 
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55  tnph  (88  km/hr).  Energy  economy  claims  range  from  0.27  kWh/mi 
(0.17  kWh/km)  for  the  Elcar  to  0.59  kWh/mi  (0.37  kWh /km)  for  the  EVA 
Sedan  on  urban  driving  cycles. 

1.3.2  Uses  and  Users 

Applications  of  the  survey  electric  vehicles  range  from 
miscellaneous  use  as  private  automobiles  to  assignment  to  specific 
commercial  routes.  All  of  the  vehicles  categorized  as  work  vehicles  are 
involved  in  commercial  applications.  These  applications  range  from 
very  specific  route  assignments  as  in  the  case  of  the  U.S.  Postal 
Service  Program  to  varied  daily  routines  of  customer  service  on  a 
demand  basis  as  in  the  case  of  most  of  the  vehicles  operated  by  utility 
companies.  The  majority  of  the  vehicles  identified  as  passenger  cars 
were  in  use  as  private  automobiles  but  some  were  used  for  business 
purposes  as  well.  Primary  use  purposes  most  commonly  reported  for  the 
survey  vhicles  were:  delivery,  commuting,  shopping  and  miscellaneous 

errands,  customer  service,  general  purpose  private  automobile,  and 
interfacility  mail  truck  or  shuttle  bus.  Users  included  operators  of 
major  vehicle  fleets  such  as  the  U.S.  Postal  Service,  Bell  Telephone, 
and  utility  companies.  The  majority  of  private  users  were  persons  who 
had  purchased  the  electric  vehicle  as  a second  or  third  private  auto- 
mobile for  commuting  or  miscellaneous  errands.  However,  substantial 
numbers  of  users  reported  their  electric  vehicle  to  be  the  only  private 
automobile  they  owned. 

Daily  routines  for  the  electric  vehicles  varied  from  repet- 
itive performance  of  specific  routes  on  a daily  basis  to  random  and 
even  intermittent  day-to-day  use.  Applications  of  the  vehicles  were 
generally  characterized  by  limited  range,  low  speed  assignments  over 
relatively  level  terrain.  Over  95%  of  the  vehicles  surveyed  reported 
average  daily  mileage  of  less  than  20  mi  (32  km).  However,  users  of 
several  of  the  Battronic  Minivans  and  the  CDA  van  reported  frequent 
operation  of  over  40  mi  (64  km)  on  individual  days,  and  almost  5%  of 
Citicar  owners  reported  daily  mileage  in  access  of  30  mi.  (48  km)  per 
day.  Although  the  route  assignments  of  the  electric  vehicles  of  the 
U.f.  Postal  Service  Program  are  quite  limited  in  range,  5 to  15  mi 
(8  to  24  km),  the  routes  are  much  more  demanding  than  normal  city 
driving  because  they  generally  involve  200  to  400  stop-starts.  Many 
of  the  private  vehicles  reported  sporadic  use  and  even  some  of  the 
commercial  vehicles  were  used  only  intermittently.  The  majority  of  the 
in-use  vehicles  are  recharged  on  a daily  basis,  generally  during  over- 
night storage.  However,  some  vehicles  are  charged  much  less  frequently 
and  some  reported  charging  during  daily  use  as  well  as  overnight. 

The  survey  population  includes  two  major  use  programs:  the 

U.S.  Postal  Service  Program  consisting  of  352  (only  279  were  in  regular 
use  as  of  May,  1977)  DJ-5E  vans  and  31  Harbilt  vans  used  for  mail 
delivery,  and  the  Electric  Work  Vehicle  Purchase  Program  sponsored  by  the 
Electric  Vehicle  Council  (EVC)  which  involves  107  Battronic  Miniva.as 
purchased  for  use  by  62  participating  utility  companies.  The  next 
largest  use  program  covered  by  the  survey  consists  of  the  33  Mars  II 
Sedans  purchased  by  24  electric  utility  companies  in  the  late  1960s. 
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This  is  no  -Longer  an  active  program  but  was  included  in  the  survey 
because  of  available  data  and  the  length  of  time  which  some  of  the 
vehicles  were  in  use*  The  25  EVE  Islanders  in  use  by  Sea  Pities  Plants- 
tion  constitutes  the  next  largest  group  of  vehicles  in  use  by  one 
operator  or  under  a single  coordinated  program.  The  rest  of  the  survey 
population  consists  of  individual  users  operating  one  to  seven  vehicles 
but  not  as  a part  of  any  larger  coordinated  use  program.  The  vehicles, 
users,  sponsors,  and  applications  of  the  vehicles  included  in  the 
survey  population  are  summarized  in  Table  1-3  for  work  vehicles  and 
Table  1-4  for  passenger  cars. 


*.4  "GENERAL  FINDINGS 

Summation  of  general  findings  from  user  experience  with 
electric  vehicles  is  complicated  by  the  inconsistency  in  amount,  type, 
and  detail  of  data  available  from  the  users  surveyed.  Therefore,  the 
vehicles  and  programs  included  in  various  comparisons  must  fluctuate 
in  accordance  with  the  data  available.  In  spite  of  the  complications 
imposed  by  insufficient  and  inconsistent  data,  the  data  collected  pro- 
vides some  useful  insight  on  use  experience  with  electric  vehicles  as 
to  performance  of  duty,  availability  and  reliability,  cost,  support 
requirements,  and  effe'cts  of  weather  on  use. 


Performance  of  Duty 

In-use  experience  with  electric  vehicles  in  the  U.S.  and 
Canada  clearly  indicates  existing  vehicles  are  capable  of  satisfac- 
torily performing  certain  assigned  duties.  Current  vehicles  are  more 
successful  in  performing  specific  assigned  routes  than  in  performing 
random  use  functions.  Successful  applications  of  electric  vehicles  in 
terms  of  performance  of  assigned  routine  is  highly  dependent  on  careful 
planning  of  the  application  and  matching  of  the  vehicle  to  the  applica- 
tion. Inadequate  range  at  the  driving  cycle  involved  was  the  common 
cause  of  inadequate  performance.  This  usually  resulted  from  inadequate 
appreciation  on  the  part  of  the  user  for  the  limitations  of  the 
vehicles  or  demands  of  the  application  involved.  Part  of  the  problem 
is  ambiguous  and  over-optimistic  performance  claims  by  some  manufac- 
turer" . Although  the  majority  of  the  vehicles  surveyed  have  been 
successful  in  performing  the  assignments  for  which  they  were  purchased, 
with  the  exception  of  the  Harbilts,  the  vehicles  have  generally  failed 
to  achieve  expected  or  satisfactory  reliability  and  cost  performance. 


1.4.2  Availability  and  Reliability 

Availability,  the  percentage  of  days  a vehicle  is  able  to 
perform  its  intended  use,  is  an  important  measure  of  the  usefulness  of 
the  vehicle.  Since  vehicles  which  breakdown  and  are  unable  to  complete 
their  routes  or  trips  and  those  deadlined  for  repairs  are  counted  as 
unavailable,  availability  is  a measure  of  both  frequency  of  failures 
and  repair  time.  Only  the  U.S.  Postal  Service  Program  provided  ade- 
quate records  to  determine  availability  for  a substantial  number  of 


Table  1-3.  Vehicles,  Users,  and  Uses  - Work  Vehicles 


Vehicle 

Number 

User/Sponsor 

Primary 
Application (s) 

DJ-5E 

352 

10 

U.S.  Postal  Service 
Bell  Telephone/AT&T 

Mail  delivery 
Customer  service 

Harbilt 

31 

U.S.  Postal  Service 

Mail  delivery 

Battronic 

Minivan 

107 

5 

g 

Utility  Corapanies/EVC 
3 U.S.  and  2 Canadian 
Utilities 

Customer  service 
Customer  service 

Otis  P-500 

2 

NASA  Lewis  Research 
Center 

Inter-facility 
mail  service 

1 

Hydro  Quebec 

Customer  service 

CDA  Van 

1 

Water  Department, 
Birmingham,  Mich./ 
Copper  Development 
Association 

Customer  service 
, ** 

aThese  are  utility  companies  participating  in  the  Electric  Work 
Vehicle  Purchase  Program  sponsored  by  the  Electric  Vehicle 

Council. 

vehicles  of  a particular  make.  These  records  showed  a monthly  avail- 
ability ranging  from  94.2%  to  98.5%  fcr  the  DJ-5E  vans.  Availability 
of  the  U.S.P.S.  Harbilt  vans  has  been  in  excess  of  99%.  Availability 
of  98%  or  better  is  generally  considered  satisfactory  in  fleet  operations 

of  light  duty  vehicles. 

Use  experience  with  U.S.  manufactured  electric  vehicles 
does  not  generally  support  the  contention  of  high  reliability  often 
pointed  to  as  the  factor  off-setting  the  higher  initial  cost  of  the 
electric  vehicles.  Failure  rates,  number  of  failures  experienced  as 
a function  of  time  ox  usage  (mileage),  of  the  electric  vehicles  sur- 
veyed (except  for  the  U.S.P.S.  Harbilt  vehicles)  generally  have  been 
substantially  higher  than  those  for  comparable  ICE  vehicles,  figure  1-i 
shows  that  the  failure  rates  for  the  vehicles  surveyed  (except  for  the 
Harbilt  vans)  generally  have  been  in  the  range  of  2 per  1000 
approximately  10  times  the  rate  for  comparable  ICE  vehicles;  for  the 
electric  vehicles  in  regular  use,  this  represents  five  or  six  failures 
per  year.  The  relative  frequency  of  failures  by  component  or  element  ot 
the  vehicle  is  presented  in  Table  1-5  for  the  DJ-5E,  Bat t tonic  Minivan, 
and  Citicar,  the  vehicles  in  use  in  greatest  quantity.  These  failure 
frequencies  show  that  the  majority  of  failures  have  occurred  within  the 
electric  drive  systems  of  these  vehicles. 


Table  1-4*  Vehicles,  Users,  and  Uses  - Passenger  Cars 


Vehicle  < 

Number 

User/Sponsor 

Primary 
Application (s) 

Citicar 

207 

Respondents  to 
mail  survey 
of  owners 

Commuting,  shopping 
atid  errands 

1 

John  Hoke,  U.S. 
Park  Service 

Commuting,  business 

Elcar 

11 

Respondents  to 
mail  survey 

Pleasure,  commuting 

6 

Firmi  National 
Accelerator  Lab. 

Interfacility 
trans . 

• . • '! ' 

3 

Downtown  Parking 

Association 

Stockton 

Security  patrol 

2 

Erwin  Ulbrich, 
Creative  Automo- 
tive Research 

Demonstration 

EVA  Sedan 

7 

Government  of 
Manitoba,  Depart- 
ment of  Public 
Work 

Local  business 
trips 

3 

ERDA 

Local  business 
trips 

Mars  II 

8 

Pennsylvania  Power 

Demonstration, 

and  Light 

messenger  service 

EVE  Islanders 

25 

Sea  Pines 
Plantation 

Public  rental 

Electra  King 

0 

□ 

Manufacturer 

aContact  was  made  only  with  the  manufacturer,  no 
were  surveyed. 

actual  users 

Reported  experience  with  in-use  electric  vehicles • tends  to 
substantiate  the  contention  that  repairs  are  relatively  easily  made. 
Repair  times  are  quite  short  in  terms  of  man-hours  required \ however, 
excessive  delays  have  been  experienced  in  getting  parts  needed  to  repair 
vehicles.  Availability  of  adequately  trained  maintenance  personnel  has 
also  been  a problem.  Poor  or  virtually  no  support  from  manufacturers 
or  dealers  was  a much  too  frequently  encountered  complaint  of  EV  users. 
Even  in  the  case  of  well  supported  vehicles  such  as  the  DJ-5E,  exces- 
sive delays  have  been  encountered  in  obtaining  replacement  batteries 
and  controller  parts. 
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Figure  1-1.  Failure  Rates 


Battery  performance,  primarily  in  terms  of  life,  has  been 
the  single  biggest  problem  in  use  experience  with  electric  vehicles  in 
the  U.S.  and  Canada.  All  of  the  in-use  vehicles  surveyed  are  powered 
by  lead-acid  batteries  x^hich  tend  to  require  excessive  amounts  of  main- 
tenance time  and  significant  amounts  of  distilled  water.  Their  P^r~ 
formance  can  deteriorate  significantly  in  cold  and  hot  weather.  Survey 
results  indicate  that  battery  life  for  the  in-use  vehicles  has  been  on 
the  order  of  250  to  300  cycles.  None  of  the  vehicles  surveyed,  other 
than  the  U.S.P.S.  Harbilt  vans,  has  been  reported  as  getting  as  much  as 
6,000  mi  out  of  a set  of  batteries. 


1.4.3 


Costs 


Initial  costs  (purchase  prices)  of  the  vehicles  surveyed 
ranged  from  $3300  to  $10,800  in  1977  dollars.  Initial  cost  is  r™Sj*ly 
proportional  to  vehicle  curb  weight  at  a rate  of  about  $2.00  to  $3.00 
per  pound  ($4.40-$6.60/kg)  with  the  lighter  vehicles  tending  to  be 
higher  per  pound.  At  $3300,  the  Citicar  is  competitive  with  subcompact 
ICE  vehicles  but  is  smaller  in  size  and  considerably  lighter  than  most 
subcompacts.  The  DJ-5E  costs  the  U.S.P.S.  twice  as  much  as  the  ICE 
■jeep.  This  two-times-the-cost  of  the  ICE  vehicle  is  generally  true 
for  all  EVa  which  are  conversions  of  ICE  vehicles.  The  relatively  h g 
initial  cost  of  electric  vehicles  is  due  in  part  to  the  significant 
cost  contribution  of  the  batteries  but  is  primarily  attributed  to  low 
volume  production  of  both  vehicles  and  components.  Maintenance  cost, 
cost  associated  with  routine  maintenance  and  repair,  are  reputed  to  be 
relatively  low  for  electric  vehicles,  but  this  was  not  substantiated 
by  reported  experience  with  U.S.  manufactured  in-use  vehicles. 


Table  1-5.  Failure  Mode  Frequency 


Percent  of  Failures  Reported 


Failure  Mode 


U.S.P.S. 

DJ-5E 


Battronic 

Minivan 


Citicar 


Electric  drive  system 

91 

63 

76 

Battery 

15 

10 

7 

Controller 

47 

10 

9 

Motor 

1 

1 

9 

. 

Fuses 

9 

10 

41 

Charger 

12 

9 

10 

Charge  Meter 

2 

12 

Converter 

— 

11 

Other 

5 

— 

Vehicle 

3 

34 

24 

Brakes 

21 

Lights 

1 

— 

Accessory  battery 

1 

3 

Other 

1 

““ 

Other  Failures 

6 

3 

— 

Driver  caused 

6 

— 

Unidentified 

3 

Total 

100 

100 

100 

Maintenance  costs  were  high  due  to  routine  battery  maintenance 
requirements,  i.e. , regular  watering,  cleaning,  and  checking  of 
batteries,  and  high  failure  rates.  The  following  table  presents  man* 
hours  per  vehicle  per  year  required  for  routine  maintenance. 


Vehicle/User  • Man-hours  per  year 


DJ-5E,  U.S.P.S. 
Battronic,  EWVPP 
CDA.  Van 


8 

38-116 

48 


The  relatively  low  man-hour  requirement  for  the  DJ-5E  can  be  attributed 
to  the  vehicle's  single  unit  battery,  ease  of  access  to  the  battery,  and 
economy  of  scale  attainable  with  larger  fleets.  Available  estimates 
of  annual  maintenance  cost  per  vehicle  experience  by  users  are  sum- 
marized in  the  following  tables 


Vehicle/User 

Routine 

Maintenance 

Repair 

Total 

Haibilt/U.S.P.S. 

NA 

NA 

$ 80 

W-5E/U.S.P.S. 

$100 

$350 

$450 

Battronic/EWVPP 

$400-1200 

$150 

$550-1350 

Mars  Il/Pennsylvania  P&L 

NA 

NA 

$790 

EVE  Islanders/Sea  Pines 
Resort 

NA 

NA 

$310 

The  U.S.P.S.  experience  with  the  Harbilt  vans  demonstrates  that  mainte- 
nance cost  for  EVs  can  be  quite  low.  The  high  maintenance  cost  experi- 
ence with  the  U.S.  manufactured  vehicles  is  reflective  of  the  relative 
immaturity  of  these  vehicles  and  can  be  expected  to  decrease  with 
longer  terra  experience. 

Energy  cost  receives  a great  deal  of  attention  from  EV  users  but 
actually  constitutes  a relatively  small  portion  of  the  total  annual 
cost  or  per  mile  cost  of  electric  vehicles.  This  is  due  to  the  high 
initial  cost  and  battery  costs  which  must  be  amortized  over  the  life 
of  the  vehicle.  For  all  reported  cases,  the  energy  cost  is  less  than 
10%  of  the  total  cost  and  in  many  cases  less  than  5%.  Energy  costs 
vary  with  power  consumption  and  electric  power  rates.  Power  consump- 
tion varies  with  the  vehicle,  driving  cycle,  and  manner  in  which  the 
vehicle  is  driven.  Figure  1-2  shows  reported  energy  consumption  as  a 
function  of  vehicle  weight.  Electric  rates  vary  with  the  location  and 
classification  of  the  user,  and  reported  rates  range  from  lC/kWh  to 
5c/kUh.  Energy  costs  were  found  to  average  approximately  lc/mi  for  each 
thousand  pounds  of  vehicle  weight  and  generally  amounted  to  less  than 
$100  per  vehicle  per  year. 

An  attempt  was  made  to  estimate  total  life  cycle  cost  in 
terms  of  annual  cost  and  per  mile  cost  for  the  two  vehicles  having  the 
most  extensive  documented  use  experience:  the  DJ-5E  of  the  U.S.  Posta 

Service  Program  and  the  Battronic  Minivan  of  the  Electric  Work  Vehicle 
Purchase  Program.  The  following  table  presents  the  high  and  low  esti- 
mates obtained  for  total  cost  of  these  vehicles. 
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ENERGY  CONSUMPTION,  kWfc/ml 


Figure  1~2.  Energy  Consumption  vs  Vehicle  Weight 


Vehicle/User 

Estimate 

Annual  Cost 

Per  Mile  Cost 

DJ-5E/U.S.P.S. 

Low 

$1680 

$0.56 

High 

$5030 

$1.68 

Battronic/EWVPP 

Low 

$3700 

$0.74 

High 

$6950 

$1.39 

These  estimates  show  that  the  uncertainty  involved  in  producing  the 
estimates  is  so  great  that  the  range  between  the  high  and  low  estimate 
is  of  the  same  magnitude  as  the  low  estimate.  Most  of  this  is  the 
result  of  the  uncertainty  over  battery  life  and  hence  battery  costs. 
The  indeterminant  total  cost  of  electric  vehicles  is  reflective  of  the 
immaturity  of  the  U.S.  vehicles  and  the  lack  of  long  term  operating 
experience  with  electric  vehicles  in  the  United  States  and  Canada. 


1*4*4  Support  Procedures  and  Facilities 

The  electric  vehicles  surveyed  were  generally  found  to  be 
operating  without  any  special  support  facilities  except  for  battery 
charger  installations.  Even  charger  installations  are  not  required  for 
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vehicles  with  on-board  chargers  such  as  the  Citicar.  Special  support 
procedures  for  the  electric  vehic3.es  consist  primarily  of  regular 
charging  and  routine  maintenance  of  batteries.  Charging  is  usually 
performed  on  a daily  basis  during  overnight  storage  with  equalizing 
charges  being  applied  on  a weekly  basis.  Battery  maintenance  generally 
involves  weekly  or  biweekly  watering  and  monthly  cleaning  and  checking. 
Lack  of  availability  of  personnel  with  skills  required  for  maintenance 
of  electric  vehicles  has  been  a significant  problem  to  users. 


1.4.5  Weather  Effects  and  Relationships 

The  primary  effect  of  weather  on  the  use  of  electric 
vehicles  is  the  effect  of  ambient  temperature  on  battery  performance. 
High  temperatures  can  result  in  excessive  battery  water  loss  and 
overcharging  the  battery.  Low  ambient  temperatures  can  result  in 
significant  loss  of  range  and  efficiency.  The  effect  of  low  tempera- 
tures is  generally  insignificant  if  the  vehicle  is  stored  in  a heated 
garage  so  that  cold  soaking  of  the  battery  is  avoided.  Passenger 
compartment  heating  in  most  EVs  is  provided  by  gasoline  heaters,  so 
the  vehicles  generally  consume  a few  gallons  of  gasoline  per  week  in 
cold  weather.  Inadequate  heating  of  passenger  compartments  was  fre- 
quently reported  as  a problem  by  EV  users.  The  heavier  vehicles  were 
reported  to  perform  well  in  snot*  and  ice  conditions;  however,  approxi- 
mately 30%  of  Citicar  owners  reported  that  they  did  not  use  their 
vehicles  in  bad  weather. 


p 
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CHAPTER  2 


INTRODUCTION 


The  In-Use  Survey  of  Electric  Vehicles  is  a task  performed  by 
the  Jet  Propulsion  Laboratory  (JPL)  in  support  of  the  State-of-the-Art 
(SOA)  Assessment  of  Electric  and  Hybrid  Vehicles  conducted  by  the  Energy 
Research  and  Development  Administration  (ERDA).  This  SOA  Assessment  x«/as 
mandated  by  Public  Law  94-413.,  the  "Electric  and  Hybrid  Vehicle  Research, 
Development,  and  Demonstration  Act  of  1976“  (EHV  Act).  ERDA  requested 
the  National  Aeronautics  and  Space  Administration  (NASA)  to  assume 
responsibility  for  acquiring  and  evaluating  the  necessary  data  to  assess 
the  state-of-the-art,  and  for  preparing  a report  in  compliance  witn  the 
requirements  of  the  Act.'  In  the  SOA  Assessment  Plan  developed  by  NASA, 
JPL  was  assigned  responsibility  for  the  conduct  of  the  In-Use  Survey 
element  of  the  SOA  Assessment,  while  the  overall  responsibility  of  the 
SOA  Assessment  was  assigned  to  NASA's  Lewis  Research  Center  (LeRC). 

The  following  section  describes  the  objective  and  the  key 
elements  of  the  EHV  Act  as  related  to  the  SOA  Assessment.  Next  is  a 
brief  explanation  of  the  scope  and  purpose  of  the  In-Use  Survey,  followed 
by  a discussion  of  specified  major  electric  vehicle  use  programs  in  the 
USA  and  Canada.  The  last  section  of  the  Introduction  Chapter  is  focused 
on  a characterization  of  the  electric  vehicle  industry,  specifically  the 
manufacturers  of  on-road  electric  vehicles. 


2.1  THE  EHV  ACT  AND  THE  SOA  ASSESSMENT 

The  EHV  Act,  which  was  passed  by  Congress  in  September  1976, 
established  in  ERDA  a 5-yr  ($160  million)  program  for  the  development 
and  demonstration  of  electric  and  hybrid  vehicles.  The  policy  or 
objective  of  Congress  is  stated  in  the  Act  as  to: 

"(1)  encourage  and  support  accelerated  research  into, 
and  development  of,  electric  and  hybrid  vehicle 
technologies; 

(2)  demonstrate  the  economic  and  technological  practi- 
cability of  electric  and  hybrid  vehicles  for  personal 
and  commercial  use  in  urban  areas  and  for  agricultural 
and  personal  use  in  rural  areas; 

(3)  facilitate  and  remove  barriers  to  the  use  of  electric 
and  hybrid  vehicles  in  lieu  of  gasoline-  and  diesel- 
powered  motor  vehicles,  where  practicable;  and 

(4)  promote  the  substitution  of  electric  and  hybrid 
vehicles  for  many  gasoline-  and  diesel-powered 
vehicles  currently  used  in  routine  short-haul,  low- 
load  applications,  where  such  substitution  would  be 
beneficial." 


2-1 


The  Act  defines  electric  and  hybrid  vehicles  as: 

"(4)  electric  vehicle  means  a vehicle  which  is  powered  by 
an  electric  motor  drawing  current  from  rechargeable 
storage  batteries,  fuel  cells,  or  other  portable 
sources  of  electrical  current,  and  which  may  include 
a nonelectrical  source  of  power  designed  to  charge 
batteries  and  components  thereof; 

(5)  hybrid  vehicle  means  a vehicle  propelled  by  a com- 
bination of  an  electric  motor  and  an  internal  com- 
bustion engine  or  other  power  source  and  components 
thereof. M 

Focus  of  the  program  defined  by  the  EHV  Act  is  on  tne 
demonstration  of  on-road  vehicles.  The  demonstration  requirements 
consist  of  two  components: 

• Purchase  or  lease  for  delivery  within  39  mo  of 
enactment  of  up  to  2500  electric  or  hybrid  vehicles 
which  meet  performance  specifications  to  be  determined 
by  ERDA  within  15  mo  of  enactment. 

• Purchase  or  lease  for  delivery  within  72  mo  of  enact- 
ment of  up  to  5000  advanced  electric  and  hybrid 
vehicles* 

Among  research  and  development  requirements  specified  by  the  EHV  Act  in 
direct  support  of  these  demonstrations  is  the  Initial  assessment  of  the 
state-of-the-art  of  electric  and  hybrid  vehicles: 

(a)  Within  12  months  after  the  date  of  enactment  of  this 
Act,  the  Administrator  shall  develop  data  characteriz- 
ing the  present  state-of-the-art  with  respect  to 
electric  and  hybrid  vehicles.  The  data  so  developed 
shall  serve  as  baseline  data  to  be  utilized  in  order 
(1)  to  compare  improvements  in  electric  and  hybrid 
vehicle  technologies;  (2)  to  assist  In  establishing 
the  performance  standards  under  subsection  (b)  (1)  and 
(3)  to  otherwise  assist  in  carrying  out  the  purposes 
of  this  section.  In  developing  any  such  data,  the 
Administrator  shall  purchase  or  lease  a reasonable 
number  of  such  vehicles  or  enter  into  such  other 
arrangements  as  the  Administrator  deems  necessary  to 
carry  out  the  purposes  of  this  subsection." 


2*2  SCOPE  AND  PURPOSE  OF  THE  IN-USE  SURVEY 

The  purpose  of  the  In-Use  Survey,  as  identified  in  the  SOA 
Assessment  Plan,  is  to  determine  "the  suitability  of  (electric  and 
hybrid)  vehicles  for  real  jobs."  Components  of  the  Survey  are  defined 
as  data  collection,  data  evaluation-,  and  a final  report  including  data 
summaries  and  analysis* 
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Data  collection  was  focused  on  vehicles  built  in  the  United 
States  and  involved  direct  contact  with  sponsoring  agencies  of  in-use 
vehicles  in  the  United  States  and  Canada.  In  keeping  with  the  intent 
of  SOA  Assessment  to  support  the  development  of  the  demonstration  pro- 
gram, data  collection  was  directed  toward  use  experience  with  production 
vehicles,  i.e.,  those  produced  by  a manufacturer  with  intent  of  com- 
mercial sale.  Since  there  are  no  such  hybrid  vehicles,  the  survey  is 
more  accurately  an  In-Use  Survey  of  Electric  Vehicles. 

The  type  of  data  to  be  collected  was  defined  as  engineering 
data  consisting  of  "vehicle  performance,  energy  consumption,  durability, 
operating  cost  information,  and  the  effects  of  weather  conditions." 

Data  on  the  use  of  electric  busses  -will  be  obtained  from  a separate  sur- 
vey conducted  by  the  Department  of  Transportation,  and  collection  of 
data  from  foreign  sources  was  limited  to  that  contained  in  the 
literature. 


Data  evaluation  was  defined  as  analysis  necessary  to 
obtain  the  desired  information  and  produce  a cohesive  picture  of  user 
experience  with  electric  vehicles. 


2.3  PROGRAMS  WITH  ELECTRIC  VEHICLE  USE  EXPERIENCE 


Four  programs  of  use  experience  with  electric  vehicles  were 
specified  in  the  SOA  Assessment  Plan,  as  the  primary  sources  of  data. 
These  programs  involved  the  following  sponsors,  vehicles,  and  number  of 
vehicles. 

Sponsor 

Vehicle  No.  of  Vehicles 

United  States  Postal  Service 

AM  General  DJ-5E  Van 
Harbilt  Delivery  Van 

352 

31 

Electric  Vehicle  Council 

Battronic  Minivan 

107 

Government  of  Manitoba 

EVA  Metro  Sedans 

7 

Copper  Development  Assoc. 

CDA  Utility  Van 

1 

ERDA  and  NASA  were  cognizant  of  other  use  activities,  such  as  those 
implied  by  the  production  of  more  than  2000  passengers  cars  by  Sebring- 
Vanguard,  but  concluded  that  the  above  programs  would  constitute  the 
primary  source  of  definitive  use  data,  because  they  include  specific 
monitoring  and  data  collection  elements.  While  the  CDA  Utility  Van  does 
not  meet  the  definition  of  production  vehicle,  as  it  Is  strictly  a one- 
of-a-kind  prototype,  it  is  included  as  an  important  source  of  in-use 
experience  because  it  is  involved  in  a program  initiated  to  demonstrate 
the  suitability  of  electric  vehicles  for  actual  use  and  has  accumulated 
over  10,000  miles  in  3 yr  of  regular  use. 
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2.4  MANUFACTURERS  OF  ON-ROAD  ELECTRIC  VEHICLES 

During  the  first  two  decades  of  this  century,  electric 
vehicles  were  widely  used  for  personal  transportation  in  the  USA.  There 
were  over  100  manufacturers  in  the  electric  automobile  industry  at  that 
time.  Some  6000  electric  cars  and  4000  commercial  vehicles  were  pro- 
duced in  1912,  which  probably  marks  the  peak  production  year  of  electric 
vehicles  in  the  USA  .(Reference  2-1). 

It  was  primarily  the  introduction  of  the  self-starter  for 
the  gasoline  engine,  and  the  higher  speed,  longer  range,  and  lower 
operating  cost  of  the  gasoline  powered  car  that  lead  to  the  drastic 
decline  in  the  use  of  the  electric  car  by  1920.  Since  then  there  have 
been  only  very  sporadic  attempts  to  manufacture  and  use  on-road  electric 
vehicles. 

To  illustrate  the  magnitude  of  the  electric  vehicle  pro- 
duction today,  the  estimated  yearly  production  rates  for  six  major  types 
of  electric  vehicles  are  listed  in  Table  2-1  for  each  country,  year, 
and  vehicle  type.1 

From  this  table  it  is  evident  that  while  the  USA  is  the 
primary  manufacturer  of  off-road  electric  vehicles  - like  golf  carts  and 
fork  lifts  - it  plays  only  a moderate  to  minor  role  in  the  production 
of  on-road  electric  passenger  cars,  trucks,  and  busses.  Over  the  3-yr 
period  tabulated  (1975-77),  26%  of  the  busses,  .16%  of  the  trucks,  and 
50%  of  the  passenger  cars  are  estimated  to  be  of  USA  origin.  Even  these 
rates  are  believed  to  be  overestimated.  A similar  note  is  made  in 
connection  with  the  publishing  of  the  electric  vehicle  production  esti- 
mates for  1977  (Electric  Vehicle  News/May  1977) : "European  countries 

and  Japan  are  cautious  about  on-road  passenger  cars;  the  USA  is  bullish 
on  them,  but  signs  of  mass  production  are  limited." 

On  an  overall  scale,  only  England  seems  to  have  a relatively 
significant  and  long-term  experience  in  the  production  and  use  of  on- 
road electric  vehicles,  in  particular  concerning  large  sized  trucks  and 
vans.  It  is  estimated  that  about  40,000  such  trucks  are  in  daily  use  in 
England  today  (Reference  2-2). 

Apart  from  passenger  cars  built  by  individuals  for  their  own 
use,  it  is  our  estimate  that  less  than  3000  on-road  electric  vehicles 
have  been  in  actual  use  in  the  USA  within  the  last  10  yr.  Only  a few  of 
these  vehicles  (about  150)  are  of  foreign  origin.  Within  this  framework 
we  have  been  able  to  locate  and  survey  over  800  vehicles. 


^These  estimates  have  been  made  for  1 yr  at  a time,  and  are  based  on 
responses  to  questionnaries  mailed  out  by  the  Electric  Vehicle  News  at 
the  beginning  of  each  year  to  various  people  (approximately  250  each 
time)  engaged  in  the  Electric  Vehicle  Industry  in  Australia,  Japan, 
Canada,  USA  and  Western  Europe. 
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The  number  of  manufacturers  of  on-road  electric  passenger 
cars  and  trucks  (and/or  vans)  is  shown  in  Figures  2-1,  2-2  and  2-3  for 
each  of  the  last  4 yr,  in  the  USA  and  abroad.  On  an  average,  these 
figures  show  a growing  trend,  especially  in  the  field  of  small  electric 
passenger  cars.  In  order  to  analyze  the  stability  and  experience  within 
this  business,  these  figures  also  show  a subdivision  of  the  manufacturers 
into  four  groups,  according  to  when  they  entered  the  market.  This 
analysis  is  basically  done  with  the  Intention  of  gaining  some  preliminary 
insight  into  how  well  we  can  expect  the  electric  vehicles  included  in  our 
survey  to  perform;  with  respect  to  what  degree  failures  and  examples  of 
poor  performance  can  be  attributed  to  insufficient  manufacturing  experi- 
ence and  stability  of  the  industry. 

The  question  of  stability  can  be  viewed  in  terms  of  the 
number  or  percentage  of  manufacturers,  who  stayed  in  the  business  once 
they  entered  it  (see  Table  2-2). 

The  question  of  experience  can  be  viewed  in  terms  of  the 
number  or  percentage  of  today’s  manufacturers,  who  have  been  in  the 
business  for  2 or  more,  3 or  more,  and  4 or  more  yr  (see  Table  2-3). 

The  primary  conclusion  seen  from  this  perspective  is  pointing 
toward  the  following  characterization  of  the  electric  vehicle  manufacturers 
in  the  USA  and  abroad: 


Stability  Experience 


USA 


Abroad 


A similar  ct.iclusion  has  been  reached  in  a recent  ERDA  report  (Reference 
2-3): 

"It  is  more  appropriate  to  describe  the  present  electric 
and  hybrid  vehicle  industry  size  as  an  "R&D  base"  rather 
than  a manufacturing  base.  In  any  case,  the  base  which 
presently  exists  in  the  U.S.  lacks  the  depth  of  govern- 
ment and  industrial  support  found  in  other  countries. 

As  a result,  the  vehicles  presently  marketed  could  prove 
unsatisfactory  in  many  user  environments..." 

This , conclusion  is  primarily  based  on  the  observation, 

"that  the  domestic  industry  is  characterized  by  small 
entrepreneur  manufacturers  who  independently  seek  to 
build  and  market  a saleable  product,  whereas  foreign 
work  is  conducted  by  primary  industries..." 


Low 

Little 

Medium 

Medium 

MANUFACTURERS 
WHO  ENTEREO  THE 
MARKET  IN: 

□ 1976 

□ 1975 

□ 1974 

■ 1973 
OR 

PRIOR 


Figure  2—1.  Truck  Manufacturers,  On-Road,  With  Batteries 

(Source:  Electric  Vehicle  News  Directory  1974-77) 


MANUFACTURERS 
WHO  ENTERED  THE 
MARKET  IN: 

□ 1976 

□ 1975 

□ 1974 

■ 1973 
OR 

PRIOR 


Figure  2-2.  Car  Manufacturers,  Electric,  Passenger,  On-Road,  With 
Batteries,  Less  Than  2000  lb  (Source:  Electric 
Vehicle  News  Directory  1974-77) 


MANUFACTURERS 
WHO  ENTEREO  THE 
MARKET  IN: 

□ 1976 

□ 1975 
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OR 

PRIOR 


Figure  2-3.  Car  Manufacturers,  Electric,  Passenger,  On-Road,  With 
Batteries,  2000  lb  or  More  (Source:  Electric  Vehicle 
News  Directory  1974-77) 
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Table  2-2.  Stability  in  the  Electric  Vehicle 
Manufacturing  Business,  1973-76 


Trucks 


USA 


Abroad 


Cars 
<2000  lb 


USA 


Abroad 


Cars 
>2000  lb 


USA 


Abroad 


Number  of  Manufacturers  Who 
Have  Been  in  the  Electric 
Vehicle  Business  Within  the 
Last  4 yr,  and  Who: 

Percent  of 
Manufacturers 
Who  Are  Still 

A 

Entered  the  Market 
in  1975  or  Prior 

B 

Are  Still  in 
Business  in 
1976 

In  Business  in 
1976 

(Column  B / 
Column  A) 

12 

5 

42% 

17 

11 

65% 

15 

6 

40% 

13 

9 

69% 

13 

5 

38% 

8 

6 

75% 

Table  2-3.  Experience  in  the  Electric  Vehicle 
Manufacturing  Business,  1973-76 


Number  of  Manufacturers 
Today,  Who  Have  Been 


in  the  Business: 


USA 

Trucks 

Abroad 

Cars 

USA 

<2000  lb 

Aborad 

Cars 

USA 

>2000  lb 

Abroad 

Percent  of  Manufacturers 
Today,  Who  Have  Seen 
in  the  Business: 


2 4 yr 

2 3 yr 

2 2 yr 

20% 

30% 

50% 

36% 

64% 

79% 

14% 

21% 

43% 

27% 

40% 

60% 

30% 

40% 

50% 

33% 

33% 

50% 

It  should  also  be  noted  that  most  of  the  domestic  electric 
vehicle  manufacturers  basically  function  as  assembling  operations  to 
high  degree,  with  all  major  components  coming  from  the  outside.  I 
some  cases  this  means  starting  with  the  purchase  of  commercially  avail 
able  gasoline  vehicles  and  then  converting  them  into  electric  vehicl  . 
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CHAPTER  3 


APPROACH  AND  CONDUCT  OF  SURVEY 


The  approach  used  in  the  conduce  of  Che  In-Use  Survey  had 
Co  be,  of  necessicy,  somewhat  fluid  because  Che  potential  survey  popula- 
cion  was  noc  defined  ac  Che  ouCseC  of  Che  Survey  nor  was  Che  extent, 
form,  and  qualicy  of  available  daca  known.  Therefore,  inicial  Survey 
acCiviCy  cencered  on  idencificacion  of  candidace  eleccric  vehicle  users 
and  decermination  of  daca  availabiliCy.  Many  sources  were  utilized  in 
idencificacion  of  survey  candidaces.  These  included  reports,  papers, 
periodicals,  organizations,  and  manufacturers.  Concurrent  with  the 
identification  of  survey  candidates,  an  effort  was  initiated  to  identify 
the  pertinent  data  which  should  be  obtained  from  users.  The  next  step 
in  the  data  collection  process  involved  contacting  candidate  users  to 
determine  data  available  and  the  action  necessary  to  obtain  it,  i.e, , 
formal  request,  data  forms,  site  visit,  etc.  This  was  followed  by 
actual  data  collection  and  evaluation  of  data,  which  in  some  cases  led 
to  supplemental  data  collection.  The  primary  elements  of  the  approach 
and  conduct  of  the  survey  are  described  in  detail  in  the  following 
sections. 


3.1  DATA  SOURCES  AND  DATA  COLLECTION 

The  primary  sources  of  data  for  the  In-Use  Survey  were  the 
users  themselves  and  their  records.  These  sources  were  supplemented  by 
data  available  in  published  reports,  papers,  and  articles.  Reference 
materials  used  as  sources  of  in-use  data  or  reviewed  for  in-use  experi- 
ence or  identification  of  candidate  users  are  listed  in  the  bibliography 
of  references  at  the  end  of  the  Report.  In  addition  to  these  sources, 
manufacturers  of  candidate  in-use  vehicles  were  contacted  to  obtain 
vehicle  characteristics  and  performance  data  and  identification  of  users. 
Other  sources  of  data  included  organizations  active  in  electric  vehicle 
development  and  use:  such  industrial  organizations  as  the  Copper  Develop- 

ment Association,  Lead  Industries  Association,  and  the  Electric  Vehicle 
Council  and  electric  vehicles  clubs  such  as  the  Electric  Auto  Associ- 
ates. Individuals  contacted  during  the  course  of  the  Survey  and  the 
organizations  which  they  represent  are  listed  in  the  Appendix. 

For  two  major  electric  vehicle  use  programs  in  the  United 
States,  the  U.  S.  Postal  Service  Program  and  the  Electric  Work  Vehicle 
Purchase  Program  sponsored  by  the  Electric  Vehicle  Council  (referred  to 
herein  as  the  EVC  Program),  centralized  data  collection  and  monitoring 
were  established  as  part  of  the  program.  Therefore,  data  on  overall 
program  experience  were  available  from  the  headquarters  of  the  sponsoring 
agencies.  Additional  data  were  also  collected  from  individual  use  sites. 
Data  from  electric  vehicle  users  in  the  United  States  and  Canada  were 
obtained  through  phone  contacts,  mailed  requests,  or  direct  visits. 
Collection  of  data  on  foreign  experience  was  limited  by  the  Survey  scope 
to  information  available  in  the  literature. 
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Sice  visits  were  an  important  element  of  the  data 
identification  and  collection  processes.  These  visits  consisted 
primarily  of  trips  to  users  and  sponsoring  agencies  but  also  involved 
manufacturers  and  EV-related  organizations,  including  a club  of  EV 
enthusiasts.  Sites  or  persons  to  be  visited  were  judiciously  selected 
on  the  basis  of  the  following  criteria: 

• need  - the  necessity  of  a direct  visit  to  obtaining 
the  desired  information „• 

• significance  - the  importance  of  the  information  to 
be  obtained  to  the  objectives  of  the  Survey, 

• cost  - the  dollars  and  .time  that  would  have  to  be 
expended  to  make  the  visit.  This  was  usually 
dependent  upon  how  effectively  the  trip  could  be 
coordinated  with  others. 

Selection  of  Survey  visits  involved  judgmental  tradeoffs  between  these 
objectives.  The.  persons  and  organizations  visited  during  the  course  of 
the  Survey  are  indicated  on  the  list  of  contacts  included  in  the 
Appendix. 


3.2  DETERMINATION  OF  DATA  REQUIREMENTS  AND 

DEVELOPMENT  OF  SURVEY  FORMS 

A preliminary  list  of  data  required  to  meet  the  objective 
of  the  In-Use  Survey  was  developed  at  the  outset  of  the  Survey.  This 
list  was  based  on  specific  items  identified  in  the  SOA  Assessment  Plan 
and  information  obtained  through  discussions  with  JPL  personnel  familiar 
with  electric  vehicle  operation.  These  data  requirements  focused  on 
defining  the  applications,  reliability,  and  costs  of  electric  vehicle  use. 
Knowledge  of  the  fluid  nature  of  electric  vehicle  production  dictated 
that  data  collection  must  include  definition  of  the  vehicle  in  terms  of 
design  characteristics  and  performance  capabilities.  Therefore,  these 
areas  were  included  in  the  preliminary  data  list.  Table  3-1,  developed 
to  guide  data  collection. 

A set  of  basic  data  sheets  was  developed  to  facilitate  data 
collection.  These  forms  were  evolved  from  the  preliminary  data  list  of 
Table  3-1.  The  final  forms  reflect  expansion  and  modification  resulting 
from  initial  data  collection  contacts  with  electric  vehicle  users.  The 
data  sheets  were  divided  into  two  major  components:  (1)  Basic  Vehicle 

Description,  consisting  of  vehicle  characteristics  and  performance 
specifications;  and  (2)  Application  and  Use  Experience,  consisting  of 
data  items  pertinent  to  actual  use.  Copies  of  these  data  sheets  are 
contained  in  the  Appendix. 

In  addition  to  t?ae  basic  data  sheets,  two  additional  special 
purpose  survey  forms  were  developed  during  the  course  of  the  Survey. 

The  first  of  these  was  a questionnaire  developed  to  obtain  supplemental 
data,  praticularly  time  related  data,  from  Battronic  Minivan  Users 
The  other  was  a questionnaire  designed  for  mailing  to  owners  of  Clticars 
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Table  3-1.  Data  Requirements  for  Electric  Vehicle 
In-Use  Survey  Preliminary  List 


Basic  Vehicle  Description 

Type  of  vehicle 
Manufacturer 

Dimensions  - wheelbase,  length,  width,  height 
Weight  - curb  weight,  payload 

Battery  (ies)  manufacturer,  type  weight  units,  cells,  rating,  etc. 
Battery  charger  - type,  charge  rate,  etc. 

Motor(s) 

Power  conditioning/controller 
Transmission 

Brakes  - number,  type,  regenerative? 

Safety  equipment  - compliance  with  Federal  Safety  requirements 

Basic  Vehicle  Performance 

Range  - constant  speed  and  SAE  J227  driving  cycle 
Top  Speed  - full  charge,  802  charge  and  40%  charge 
Acceleration  - same  charge  levels  as  above 

Energy  Consumption  - recharge  energy  per  mile  for  SAE  driving  cycle 
Gradeability  - speed  vs  grade 
Maximum  Grade  Capability 

Application 

Number  of  vehicles 
Type  of  use 

Length  of  service  and  total  mileage 

Daily  routine  - number  in  use,  average  mileage  per  vehicle,  etc. 
Route  characteristics  (if  applicable) 

Stop  frequencies 
Route  gradient  profiles 
Ambient  temperatures 

Operating  and  Maintenance  Strategy 

Normal  depth  of  discharge 
Recharge  procedure 
frequency 
charge  rate,  etc. 

Routine  maintenance  - schedule,  elements,  etc. 

Special  facilities 

Reliability 

Mean  time  between  failure 
Mean  time  to  restore  to  service 
Primary  failure  modes 
Problem  areas 

Battery  life  - replacement  practice 


Coats 

Capital  costs 

Operating  cost 

Repair  and  maintenance  costs 

Estimated  life  cycle  cost 
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and  Elcars.  There  are  reportedly  over  100  owners  of  Elcars  and  over 
1500  owners  of  Citlcars  in  the  United  States.  A mail  survey  was 
necessary  to  obtain  representative  data  of  this  large  population  of 
users.  Prior  surveys  of  samples  of  these  owners  exist  but  the  questions 
asked  were  not  adequate  for  the  needs  of  the  In-Use  Survey  and  some 
results  are  privileged  and  not  in  the  public  domain.  Therefore,  a 
special  questionnaire  was  developed  and  a mail  survey  was  conducted. 
Copies  of  the  Battronic  Minivan  and  Citicar/Elcar  questionnaires  are 
presented  in  the  Appendix. 

The  mail-out  survey  of  electric  automobile  owners  was 
limited  to  owners  of  Citlcars  and  Elcars  as  these  are  the  only  electric 
automobiles  readily  identifiable  as  such  in  vehicle  registration  records. 
Questionnaires  were  sent  to  506  registered  owners  of  Citicars  and  Elcars. 
This  owner  population  was  obtained  from  R.L.  Polk  & Company,  which 
maintains  a file  of  vehicle  registrations  from  the  39  states  which  per- 
mit purchase  of  registration  records.  At  the  time  the  survey  population 
was  obtained  the  Polk  files  contained  registration  records  of  vehicles 
purchased  primarily  from  November  1975  through  May  1977.  Figure  3-1  is 
a map  showing  the  distribution  of  the  survey  population  by  state.  It 
also  shows  the  8 states  in  which  no  Citicars  or  Elcars  were  reported 
registered  during  the  period  covered  by  the  Polk  files  and  the  11  states 
which  have  laws  or  regulations  prohibiting  the  release  of  registration 
records . 


3.3  SURVEY  POPULATION 

The  survey  population  consists  of  those  vehicles  and  users 
directly  covered  by  the  In-Use  Survey.  Therefore,  the  vehicle  population 
is  limited  to  the  U.S.  manufactured  electric  trucks,  vans,  and  cars, 
except  for  the  Harbilt  vans  involved  in  the  U.S.  Postal  Service  Program 
and  the  Elcar,  which  is  manufactured  by  Zagato  International  of  Italy 
and  distributed  in  the  U.S.  by  the  Elcar  Corporation.  The  vehicles 
surveyed  are  classified  in  two  categories:  (1)  work  vehicles-  vans  and 

light-duty  trucks  produced  for  commercial  applications;  and  (2)  passenger 
cars-  vehicles  produced  primarily  for  use  as  private  automobiles.  The 
user  population  consists  of  those  users  from  whom  useful  data  or 
information  was  obtained.  These  users  range  from  major  fleet  operators 
to  individual  private  automobile  owners. 

Vehicles,  users,  sponsors,  and  applications  included  in  the 
survey  population  are  summarized  in  Table  3-2  for  work  vehicles  and 
Table  3-3  for  passenger  cars.  The  vehicle  makes  included  in  the  survey 
population  represent  approximately  3000  in-use  vehicles,  and  the  In-Use 
Survey  obtained  data  on  approximately  800  of  these  vehicles.  The  survey 
population  included  the  two  major  use  programs  - the  U.S.  Postal  Service 
Program  and  the  EVC  Program,  smaller  scale  use  programs,  small  fleet 
operations,  and  individual  private  vehicles.  Because  of  its  significance 
as  a production  electric  vehicle,  the  Electra  King  was  included  in  the 
vehicle  population  even  though  no  actual  users  were  surveyed.  A brief 
discussion  of  homebuilt  vehicles  is  included  among  the  vehicles  and  users 
described  in  Chapter  7.  Homebuilti,  generally  one-of-a-kind  conversions 
of  ICE  vehicles,  do  not  meet  the  "production  vehicle"  criteria  of  the 
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Figure  3-1.  Elcar  and  Citicar  Survey  Distribution 
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Table  3-2.  Survey  Population-Work  Vehicles 


Vehicle 

Number 

User/Sponsor 

Primary 
Application (s) 

DJ-5E 

352 

U.S.  Postal  Service 

Mail  delivery 

10 

Bell  Telephone/AT&T 

Customer  service 

Harbilt 

31 

U.S.  Postal  Service 

Mail  delivery 

Battronic 

107 

Utility  Companies /EVCa 

Customer  service 

Minivan 

5 

3 U.S..  and  2 Canadian  Utilities 

Customer  service 

Otis  P-500 

2 

NASA  Lewis  Research  Center 

Inter-facility 
mail  and  service 

1 

Hydro  Quebec 

Customer  service 

CDA  Van 

1 

Water  Department,  Birmingham, 
Mich. /Copper  Development 
Association 

Customer  service 

aThese  are 

utility  companies  participating  in  the  Electric  Work  Vehicle 

Purchase  Program  s 

ponsored  by  the  Electric  Vehicle  Council. 

Survey  but  warrant  some  mention  because  they  constitute  a substantial 
portion  of  the  total  in-use  electric  vehicle  population  in  the  U.S. 

The  Survey  population  clearly  does  not  include  all  on-road 
electric  vehicles  manufactured  for  sale  in  the  U.S.  Exclusion  of  a 
particular  vehicle  may  be  by  intent  or  oversight.  Some  vehicles  are  not 
included  because  no  cases  of  actual  use  experience  with  the  vehicle  could 
be  identified  or  identifiable  data  on  use  experience  would  not  have  con- 
stituted sufficient  contribution  to  realization  of  survey  objectives  to 
justify  its  acquisition  and  analysis.  Exclusion  by  oversight  may  have 
resulted  if  the  manufacturer  was  not  identified  in  the  register  of 
electric  vehicle  manufacturers  published  annually  by  "Electric  Vehicle 
News"  or  by  other  resources  used  for  that  purpose. 

One  vehicle  which  might  be  conspicuously  absent  in  view  of 
the  publicity  it  has  received  is  the  Transformer  I produced  by  Electric 
vuel  Propulsion.  As  a vehicle  selling  for  over  $30,000,  the  Transformer 
I is  not  sufficiently  compatible  with  the  basic  objective  of  the  In-Use 
Survey  of  providing  information  in  support  of  the  EV  Demonstration 
Program  to  justify  the  difficulty  of  obtaining  use  data.  The  few 
Transformer  I* s in  actual  use  are  mostly  in  the  possession  of  relatively 
inaccessible  celebrities.  Data  would  have  been  readily  available  on  one 
vehicle  purchased  and  used  by  Manitoba  Hydro  in  Canada.  But,  since  it 
was  put  into  use  in  February  only  800  miles  of  use  have  been  obtained 
because  of  major  breakdowns  and  delays  in  its  repair. 
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Table  3-3.  Survey  Population-Passenger  Cars 


Vehicle 

Number 

User/Sponsor 

Primary 

Application(s) 

Citicar 

207 

Respondents  to  mail  survey 
of  owners 

Commuting, 
shopping  and 

errands 

1 

John  Hoke,  U.S.  Park  Service 

Commuting, 

business 

Elcar 

11 

Respondents  to  mail  survey 

Pleasure,  com- 
muting 

6 

Firmi  National  Accelerator 

Interfacility 

Lab. 

trans. 

3 

Downtown  Parking  Association, 

Security 

Stockton 

patrol 

2 

Erwin  Ulbrich,  Creative 

Demonstration 

Automotive  Research 

EVA  Sedan 

7 

Government  of  Manitoba, 

Local  business 

Department  of  Public  Works 

trips 

3 

ERDA 

Local  business 

trips 

Mars  II 

8 

Pennsylvania  Power  and 

Demonstration, 

Light 

messenger 

service 

EVE  Islanders 

25 

Sea  Pines  Plantation 

Public  rental 

Electra  King 

0 

N/A 

N/A 

aContact  was 
surveyed. 

aade  only 

with  the  manufacturer,  no  actual  users  were 
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DATA  AVAILABILITY, 
COMPLETENESS 


CONSISTENCY,  AND 


Data  availability  varied  greatly  among  users  contracted 
during  the  course  of  the  In-Use  Survey.  Some  users  were  found  to  have 
essentially  no  useful  records  of  vehicle  performance.  In  no  cases  were 
data  records  as  complete  and  accurate  as  required  to  satisfy  alJ  Survey 
objectives.  The  more  complete  and  detailed  records  were  those  from  the 
major  use  programs,  which  included  specific  data  collection  and  moni- 
toring efforts. 
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Data  deficiencies  in  the  two  largest  use  programs  - the  U.S. 
Postal  Service  Program  and  the  EVC  Program  — result  primarily  from  the 
number  of  persons  on  whom  reporting  and  record  keeping  is  dependent,  and 
to  some  degree  from  the  fact  that  the  recording  and  monitoring  programs 
.are  designed  for  the  objectives  of  the  program  sponsor  and  not  necessarily 
those  of  the  In—Use  Survey.  Reporting  in  both  programs  is  somewhat 
dependent  on  drivers  who  are  naturally  reluctant  to  correctly  identify 
problems  due  to  their  negligence  or  error.  For  example,  when  a vehicle 
does  not  get  charged  overnight  because  the  driver  does  not  properly  con- 
nect it  to  the  charger,  the  driver  might  attempt  to  use  the  vehicle  the 
next  day,  resulting  in  a road  call  with  no  explanation  other  than 
vehicle  failed  to  complete  route.”  Failure  identification  is  compli- 
cated by  dependency  on  mechanics  who  at  least  initially  are  not  familiar 
with  the  particular  vehicle  or  even  with  electric  vehicles  in  general. 
Analysis  of  repair  requirements  and  costs  is  complicated  by  warranties 
on  vehicles  and  batteries.  Another  problem  is  nonuniform  reporting  from 
individual  use  sites.  In  the  case  of  the  EVC  Program,  some  individual 
user  utilities  reported  only  sporadically  to  the  EVC  and  some  not  at  all. 

Data  from  other  use  programs  and  users  tended  to  be  much  less 
complete  than  that  for  the  two  major  use  programs.  However,  in  some 
cases  very  detailed  and  accurate  data  were  kept  on  certain  use  aspects. 

The  particular  aspect  most  frequently  recorded  in  detail -was  energy 
consumption  in  terms  of  electricity  input  to  the  charger.  Examples  of 
this  phenomenon  are  the  CDA  Electric  Van  and  the  Hoke  Citicar.  In  both 
cases  rigorous  records  of  energy  consumption  were  kept:  for  the  CDA  Van 

to  permit  comparison  of  fuel  costs  with  those  for  an  ICE  van  performing 
similar  duty;  and  for  the  Hoke  Citicar  for  cost  accounting  purposes  and 
to  definitively  establish  the  efficiency  of  the  vehicle.  However, 
failure  modes  and  repair  costs  were  not  reported  on  the  CDA  Van  because 
the  sponsor  did  not  feel  those  were  meaningful  as  this  was  a prototype 
vehicle,  and  only  limited  failure  reports  were  provided  on  the  Hoke 
Citicar  because  this  was  not  the  objective  of  the  record  keeping. 

The  area  of  greatest  deficiency  in  data  in  use  experience 
with  electric  vehicles  is  that  of  actual  operating  and  maintenance  cost, 
due  primarily  to  the  dependence  of  these  costs  on  so  many  factors. 

Failure  to  keep  adequate  records  of  almost  any  element  of  use  experience 
can  prohibit  accurate  determination  of  O&M  costs  which  are  dependent  on 
far  more  than  fuel  (electricity)  costs.  Repair  costs  are  an  important 
component  often  inadequately  reported.  Man-hours  involved  in  routine 
battery  maintenance  can  represent  a significant  cost  in  commercial  appli- 
cations. Many  users  do  not  even  seem  to  be  aware  of  certain  potentially 
significant  cost  factors  such  as  that  represented  by  the  distilled  water 
required  by  the  batteries. 

Response  from  those  contacted  in  search  of  data  for  the  In- 
Use  Survey  was  generally  very  good.  Users  and  sponsors  of  use  programs 
were  particularly  cooperative.  Responsiveness  of  users  was  somewhat 
correlated  with  satisfaction  with  the  in-use  vehicles  or  enthusiasm  for 
electric  vehicles.  However,  excellent  cooperation  was  obtained  from  many 
users  who  had  negative  use  experiences  with  electric  vehicles.  The 
general  responsiveness  of  users  was  indicated  by  the  return  rate  of  over 
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40%  obtained  on  the  questionnaires  mailed  to  electric  cars  owners  - about 
double  the  rate  generally  realized  on  surveys  of  vehicle  owners.  A few 
commercial  users  indicated  they  could  not  afford  to  allocate  sufficient 
man-hours  to  respond  to  certain  specific  data  requests.  More  difficulty 
was  encountered  in  obtaining  data  from  manufacturers.  Some  were  reluct- 
ant to  Rive  us  much  time  or  provide  data  without  substantial  payment, 
and  others  were  unwilling  to  discuss  details  of  vehicle  problem  areas. 
Electric  vehicle  enthusiasts  such  as  the  members  of  the  Electric  Auto 
Association  were  highly  cooperative.  In  general,  lack  of  records  an 
inadequacy  of  data  were  far  greater  limitations  to  the  Survey  than 
obtaining  the  data  users  had  available. 
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CHAPTER  4 

U.S.  POSTAL  SERVICE  PROGRAM 


The  U.S.  Postal  Service's  (U.S.P.S.)  Electric  Vehicle  Pro- 
gram constitutes  the  largest  EV  use  program  in  the  United  States.  The 
Postal  Service  Program  consists  of  two  major  elements:  (1)  31  Harbilt 

electric  delivery  vans  operating  out  of  a single  Post  Office  in 
Cupertino,  California;  (2)  352  AM  General  DJ-5E  delivery  vans  operating 
in  multiple  locations,  primarily  in  Southern  California.  All  31  of  the 
Harbilt  vans  are  in  daily  use  for  mail  delivery,  but  as  of  the  end  of  May 
1977,  only  269  of  the  DJ-5E's  had  been  assigned  to  daily  use,  constitut- 
ing the,  in-use  population  covered  by  the  Survey.  In  addition  to  this  EV 
use  program,  the  Postal  Service  also  is  conducting  an  ongoing  electric 
vehicle  R&D  program  at  the  U.S.P.S.  Research  Center  in  Rockville, 
Maryland.  Only  the  Use  program  will  be  reported  here. 

Through  the  years  the  U.S.P.S.  has  become  a major  operator 
of  vehicles.  Its  fleet  has  grown  from  18,000  vehicles  in  1955  to 
115,000  in  1975  with  the  increasing  motorization  of  carriers  to  improve 
delivery  efficiency.  The  U.S.P.S.  has  conducted  many  electric  vehicle 
test  programs.  The  current  Program  was  initiated  in  1969,  with  the 
desire  to  reduce  vehicular  air  pollution  as  the  primary  motivation. 

Since  over  80%  of  the  U.S.P.S.  vehicles  are  delivery  vehicles,  the 
search  for  suitable  electric  vehicles  was  directed  at  that  function.  The 
Western  Region  Office  of  the  U.S.P.S.  developed  a specification  reflect- 
ing suburban  letter  route  requirements  and  advertized  for  the  lease  of 
prototype  vehicles  for  use  testing  in  Cupertino,  California. 

The  Harbilt  electric  delivery  van  which  began  use  testing  in 
Cupertino  in  1971  proved  capable  of  performing  the  duties  required  by 
most  of  the  routes  served  by  that  Post  Office  and  was  superior  in  per- 
formance, 'reliability  and  cost  to  the  other  electric  vehicles  tested. 

As  a result,  30  additional  Harbilt  vehicles  were  leased  and  placed  into 
daily  use  in  Cupertino  in  1973.  The  Cupertino  experience  demonstrated 
3o  the  satisfaction  of  the  U.S.P.S.  that  existing  electric  vehicles 
could  adequately  serve  routes  where  mileage  and  stops  and  starts  were 
not  excessive,  gradients  were  limited,  and  the  climate  was  mild.  A 
broad  scale  review  established  that  at  least  30,000  U.S.P.S.  routes  met 
these  criteria  and  would  be  suitable  for  state-of-the-art  electric  vehi- 
cle application.  The  U.S.P.S.  subsequently  procured  352  AM  General 
DJ-5E  electric  delivery  vans  through  a competitive  bid  process,  and 
began  placing  these  into  daily  use  operation  in  December  1975.  The  fol- 
lowing sections  describe  these  two  use  programs  and  the  resulting 
experience. 


4*1  U.S.P.S.  HARBILT  ELECTRIC  DELIVERY  VANS 

The  31  Harbilt  Electric  Delivery  Vans  in  use  by  the  U.S.P.S. 
are  assigned  to  routes  served  by  the  Cupertino  Post  Office,  accounting 
for  almost  all  the  routes  served  by  that  office.  The  first  of  the 
Harbilt  vehicles  began  operation  on  a test  basis  xn  August  1971.  in 
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other  30  vehicles  were  placed  into  operation  in  1973.  All  of  the 
Harbilts  were  initially  leased  by  the  U.S.P.S.  but  were  purchased  for 
$3055  per  Vehicle  when  the  lessor,  the  Electric  Vehicle  Company  of  South 
San  Francisco,  went  out  of  business  in  June  1976. 


4,1.1  Vehicle  Description 

The  U.S.P.S.  Harbilt  Electric  Delivery  Van  is  actually  two 
vehicles.  The  Harbilt  van  is  produced  by  Harbilt  Electric  Trucks  and 
Vehicles  of  England.  The  initial  U.S.P.S.  unit  was  shipped  complete 
from  England.  The  other  30  vehicles  were  imported  as  chasses  and  had 
fiberglass  bodies  added  in  this  country.  Therefore,  these  30  differ 
slightly  in  body  configuration  and  dimensions  from  the  vehicle  con- 
structed wholely  by  Harbilt  and  designated  by  the  manufacturer  as  the 
HSV  Urban  Delivery  Vehicle.  Both  vehicles  are  of  boxy,  van-like  styling 
but  quite  clean  in  design.  The  detailed  characteristics  of  the  vehicle 
are  given  in  Table  4-1.  The  specifications  provided  by  Harbilt  for  the 
HSV  Urban  Delivery  Vehicle  and  those  provided  by  the  U.S.P.S.  are  pre- 
sented. 


Definition  of  the  Harbilt  performance  capabilities  was  not 
available  from  comprehensive  performance  tests.  Performance  specifica- 
tions quoted  by  the  manufacturer  for  'the  HSV  Urban  Delivery  Vehicle  and 
limited  performance  data  provided  by  the  U.S.P.S.  are  presented  in  Table 
4-2. 


4.1.2  Application 

The  31  U.S.P.S,  Harbilt  vans  are  used  for  daily  mail  deliv- 
ery in  Cupertino,  California,  a suburban  community  of  30,000  population, 
located  just  north  of  San  Jose  and  about  50  miles  south  of  San  Francisco. 
The  climate  is  mild  with  a normal  temperare  range  of  45-100°F  (7-38°C). 
The  Harbilt  vans  are  assigned  to  routes  which  average  11.3  mi  (18.1  km) 
in  length  (none  over  15  mi)  with  no  gradients  in  excess  of  5%.  These 
are  primarily  residential  delivery  routes  and  vary  in  number  of  stops 
from  50-250.  Thirty  of  the  vehicles  are  assigned  to  routes  on  a daily 
basis.  The  initial  vehicle  has  been  in  use  for  over  5 years  and  the 
other  30  have  been  in  use  for  over  3 years.  In  that  time  the  vehicles 
have  accumulated  more  than  300,000  mi  (480,000  km). 


4.1.3  Experience 

Use  experience  with  the  Harbilt  electric  delivery  vans  has 
been  positive.  Reliability  and  availability  of  the  vehicles  has  been 
high  and  maintenance  and  operating  costs  per  mile  have  been  much  less 
than  for  the  five  IC  engine  delivery  vans  (Jeeps)  operating  out  of  the 
Cupertino  office.  Mileage,  energy  consumption,  maintenance  require- 
ments, and  costs  as  reported  by  the  U.S.P.S.  Western  Region  Office  for 
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Table  4-1 


Vehicle  Characteristics,  Harbilt  Delivery  Van 


Manufacturer's  Spec's.  U.S.P.S.  Data 


Type 

Manufacturer 


Delivery  van 

Harbilt  Electric 
of  England 


1/4-ton  van 

Harbilt  Electric 
of  England 


Dimensions 

Wheelbase 

Length 

Width 

Height 

Capacity 

Curb  Weight 

Payload 

Batteries 

Type 

Manufacturer 
Number  of  units 
Number  of  cells/ 
voltage 
Weight 
Capacity 


103 

in. 

(262  cm) 

103 

in. 

(262  cm) 

144 

in. 

(365. cm) 

148 

in. 

(376  cm) 

64 

in. 

(163  cm) 

64 

in. 

(163  cm) 

74 

in. 

(188  cm) 

75 

in. 

(191  cm) 

NA 

122 

ft3 

(3.45  m3) 

3608  lb 

(1640  kg) 

3565  lb 

(1620  kg) 

900  lb 

(409  kg)a 

500  lb 

(227  kg) 

lead-acid 

NA 

1 

36  cells/72  V 


lead-acid , tubular , 
traction 
Oldham 
1 

36  cells/72  V 


NA 

NA 


282Ah  at  5 hr  rate 


Motor 


Type 

off 

Manufacturer/model 

NA 

Recharge  time 

NA 

Type 

NA 

Manufacturer 

NA 

Power  rating 

NA 

off-board 
Hobart  3R-36 
4-6  hr 


DC  series 
BKB 

12.5  (9.3  kW) 


Controller 

Type 

Manufacturer 

Transmission 


Thyristor 

NA 

NA 


Thyristor 

Cableforra 

None 


Tires 

Type 

Size 

including  driver. 


Steel  belted 

NA 

radials 

165x14 

NA 
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Table  4-2.  Performance  Characteristics,  Harbilt  Delivery  Van 


Manufacturer’s  Spec’s. 

U.S.P.S  Data 

Range-city  delivery 

50  mi  (80  km) 

NA 

Top  speed  (fully  laden) 

33  mph  (53  km/h) 

33  mph  (53  kra/h) 

Acceleration  (fully  laden) 

0-20mph  (0-32  km/h) 

10  sec 

NA 

0-25mph  (0-40  km/h) 

15  sec 

NA 

0-30mph  (0-48  km/h) 

35  sec 

20  sec 

Gradeability 

Speed  on  5%  grade 

20  mph  (32  km/h) 

NA 

Speed  on  10%  grade 

12  mph  (19  kra/h) 

NA 

Maximum  grade  capability 

12.5% 

the  Harbilt  fleet  for  three  consecutive  time  periods  are  given  in  Table 
4-3.  Cost  data  provided  by  the  U.S.P.S.  on  the  five  XC  engine  Jeeps 
operating  out  of  the  Cupertino  Office  during  the  same  period  also  are 
given. 


The  primary  component  of  the  operating  and  maintenance  rou- 
tine for  the  Harbilt  vehicles  consists  of  overnight  charging  of  the 
vehicle  after  each  day’s  operation.  Charging  and  routine  maintenance 
are  performed  in  the  vehicle  storage  lot  adjacent  to  the  Cupertino  Post 
Office.  Special  facilities  consist  only  of  a charger  installed  for 
each  vehicle  with  a watt-hour  meter  connected  to  each  charger.  A driver 
is  responsible  for  connection  of  his  vehicle  to  its  assigned  charger 
upon  completion  of  his  route.  Timers  have  been  added  to  the  chargers 
to  permit  delayed  activation,  allowing  the  batteries  to  cool  down  from 
operating  temperature.  Battery  maintenance  routine  consists  of 
biweekly  watering  and  monthly  cleaning  with  voltage  and  specific 
gravity  testing.  Routine  chassis  maintenance  is  performed  on  a semi- 
annual basis.  Both  routine  and  repair  maintenance  was  provided  by 
the  leasor  until  vehicle  purchase  by  U.S.P.S.  in  June  1976,  and  since 
then  it  has  been  handled  by  U.S.P.S.  mechanics  from  the  San  Jose  Vehicle 
Maintenance  Facility. 

v. 

Performance  of  the  Harbilt  vehicles  has  been  outstanding 
from  both  a reliability  and  cost  standpoint  as  indicated  by  an  avail- 
ability record  in  excess  of  99%  and  an  operating  and  maintenance  cost 
of  $0,085  per  vehicle  mile  versus  $0,120  per  vehicle  mile  for  the  ICE 
Jeeps.  Of  particular  note  is  the  statistic  that  all  vehicles  are  still 
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Table  4-3.  Harbilt  Use  Data-Cupertino,  California 


Period 


Mileage 

Total  traveled 
Average  per  vehicle 
Average  daily  per 
vehicle 

Energy  consumption 

Total  consumption 
Average  per  vehicle 
mile 

Cost  per  kWh 

Battery  maintenance 
Total  hours 
Average  per  ICQO 
vehicle  miles 
Battery  water 
(gallons) 

Average  gallons  per 
1000  vehicle  miles 

General  maintenance 
Total  hours 


3/4/74-3/1/75° 

2/1/75-2/1/76 

2/l/76-6/20/76b 

102,818.2  mi 

103,296.7  mi 

45,420  mi 

3,316.7  mi 

3,332.1  mi 

1,465.1  mi 

11.0  ml 

11.0  mi 

12.7  mi 

139,160  kWh 

150,840  kWh 

78,440  kWh 

1.35  kWh/mi 

1.46  kWh/mi 

1.73  kWh/mi 

$0,028 

$0,028 

$0,034 

81.3 

79.3 

60.8 

0.79 

0.77 

1.34 

427.3 

1086 

977 

4.16 

10.51 

21.51 

86,9 

110.3 

254.8 

$153.72 

$142.64 

$123.99 

cost 

Total  cost 

$2,001.20 

$3,160.89 

$5,224.68 

Coots  per  vehicle  mile 
Energy 
Maintenance 
Total  O&M 

$0. 037/mi 
$0. 020/mi 
$0. 057/mi 

$0. 041/mi 
SO. 031/mi 
$0. 072/mi 

$0. 059/mi 
$0. 115/mi 
$0. 174/ml 

Availability 

Assigned  duty  days 
Down  days 

Percent  availability 

9424 

12 

99.9% 

9424 

21 

99.8% 

3658 

98 

97.32C 

Failures 

Total 

Rate  per  10,000 
vehicle  mllc3 

5 

0.58 

8 

0.77 

6 

1.32 

Comparative  O&M  costs  for 
ICE  Jeep 

Gasoline 

Parts  and  mainte- 

0.053/mi 

0.015/ml 

0.059/mi 

0.026/mi 

NA 

NA 

nance 

Labor 

0.039/mi 

0.048/ral 

NA 

Total  0&M 

0.i07/rai 

0.138/ml 

NA 

*tncludG3  experience  with  initial  vehicle  from  8/21/71-3/1/75 
as  well  os  that  for  the  other  30  vehicles  for  the  period  shown. 

^Diminished  performance  in  terms  of  energy  consumption  and  reliability 
during  this  period  Is  attributed  to  degradation  in  support  of  vehicles 
by  leaser  who  went  out  of  business  in  June  1976,  necessitating  pur- 
chase of  vehicles  by  U.S.P.S. 

cDuo  primarily  to  delay  in  obtaining  parts. 


operating  on  their  original  batteries  with  an  average  mileage  accumula- 
tion per  vehicle  in  excess  of  10,000  mi.  As  of  March  1977  only  6 indi- 
vidual battery  cells  had  been  replaced  out  of  the  1116  total  cells  in 
the  31  vehicles.  The  failure  rate  for  the  Harbilts  has  been  extremely 
low,  an  average  of  less  than  1 failure  per  10,000  vehicle  miles 
(actually  0.82/10,000  mi)  with  the  controller  power  unit  and  controller 
motors  constituting  the  primary  failure  modes  as  shown  in  Table  4-4. 
This  remarkable  performance  can  be  attributed  to  the  proven  design  of 
the  Harbilt  vehicle  (through  years  of  milk  float  production  in  England) 
and  the  exceptional  interest  taken  in  the  program  by  key  personnel: 

Tom  Martin,  Western  Region  Vehicle  Fleet  Manager;  John  Garcia,  Vehicle 
Maintenance  Manager  for  the  San  Jose  VMF;  Richard  Besena,  Carrier  Fore- 
man, Cupertino  Office;  and  the  San  Jose  VMF  mechanics  assigned  to  elec- 
tric vehicle  maintenance.  The  U.S.P.S.  reports  that  driver  acceptance 
of  the  Harbilts  has  been  good,  which  could  certainly  be  a contributing 
factor  to  the  outstanding  performance  of  the  vehicles  given  the  sensi- 
tivity of  electric  vehicles  to  operator  technique. 


4.2  U.S.P.S.  DJ-5L. 

As  a result  of  the  success  of  the  use-test  of  the  Harbilt 
Electric  Vans  in  Cupertino,  the  U.S.P.S.  initiated  procurement  proce- 
dures for  352  additional  electric  delivery  vans  in  1974.  The  Postal 
Service  established  social,  economic  and  technical  goals  for  the  vehi- 
cle to  be  procured.  These  goals  and  the  functional  requirements  for  the 
vehicle  are  outlined  in  Table  4—5.  The  procurement  process  was  conducted 


Table  4-4.  Failure  Modes-U.S.P.S.  Harbilt  Electric  Vans, 
3/4/74  - 6/30/76 


Component 

Failures 

Percent  of  Total 

Drive  motor 

1 

5% 

Controller  motor 

8 

40% 

Controller  power  unit 

4 

20% 

Foot  controller 

2 

10% 

Battery  cells 

3a 

15% 

Battery  cell  lids 

2 

10% 

20~ 

100% 

Q 

Three  additional  battery  ceils 
March  1977,  making  a total  of 

were  replaced  from  July  1976,  through 
six  cells  as  of  March  1977. 
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Table  4-5.  Goals  and  Functional  Requirements  for  Electric 
Delivery  Van  Established  by  U.S.  Postal  Service 
for  1974  Procurement3 


Social  and  Economic  Goals 

Technical  Goals 

Minimal  ground  level  pollutants 

20-rai  range 

Low  noise  level 

33  mph  — top  speed 

Low  energy  cost 

30  mph  in  20  sec 

Low  maintenance  cost 

• 300  stops  and  starts 

e 10%  grade  at  10  mph  — 400  ft 

• 4-yr  battery  life 

Functional  Requirements 


To  be  effective  in  mail  delivery  a vehicle  must  be  designed  for  ease  of 
-handling  and  efficiency  in  operation.  The  U.S.P.S.  established  these 
operating  requirements: 


• Functional  body  design 

Right-hand  drive 
Sliding  side  doors 
Easy  mount/dismount 

t Steering  and  handling  comparable  to  present  gasoline  vehicles 

• Acceleration  and  braking  close  to  that  of  existing  fleet 

• Safety  engineering  to  meet  Department  of  Transportation 
standards 


t Necessary  accessories 

(lights,  defroster,  gauges,  etc.) 


aSource:  "United  States  Postal  Service  Electric  Vehicle  Program," 

D,  P.  Crane  and  J.  R.  Bowman,  U.S.P.S.,  Washington,  D.C.,  presented  at 
Fourth  International  Electric  Vehicle  Symposium,  Dusseldorf,  West 
Germany,  1976. 
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on  the  same  competitive  bid  basis  as  are  all  vehicle  procurements  for 
the  Postal  Service.  Bids  were  received  from  AM  General,  Otis,  and 
Electromotion  with  AMG  receiving  the  contract  as  the  low  bidder.  A 
pilot  model  of  the  AMG  DJ-5E  Electric  Delivery  Van  was  delivered  to  the 
U.S.P.S.  September  4,  1974  for  acceptance  testing.  The  vehicle  met  all 
requirements  including  completion  of  over  300  start-stop  cycles  of  the 
Postal  Delivery  Route  Driving  Cycle  defined  in  Figure  4-1.  Delivery  of 
vehicles  began  in  May  1975,  and  was  completed  in  March  1976.  Route 
operation  of  these  vehicles  was  initiated  on  a test  basis  in  San 
Bernardino,  California  in  the  summer  of  1975,  but  actual  daily  use  oper- 
ation was  not  initiated  until  December  1975. 


4.2.1  Basic  Vehicle  Description 

The  AMG  DJ-5E  Electric  Delivery  Van  is  almost  identical  in 
appearance  to  the  1/4  ton  IC  engine  delivery  van  supplied  to  the  U.S.P.S. 
by  AM  General,  commonly  known  as  a "Jeep."  The  DJ-5E  has  an  electric 
power  system,  consisting  of  battery,  controller,  motor  and  charger j 
supplied  by  Gould,  Inc.  Detail  vehicle  characteristics  are  given  in 
Table  4-6.  Performance  data  as  provided  by  both  the  manufacturer's 
specification  sheet  and  the  U.S.P.S.  are  presented  in  Table  4-7. 


4.2.2  Application 

The  DJ-5E  vans  were  assigned  to  postal  delivery  routes 
which  were  compatible  with  the  vehicle's  capability.  The  primary 
criteria  used  in  selection  of  appropriate  routes  were  limited  mileage 
(generally  12  mi  or  less),  minimal  grades,  and  speed  requirements  not  in 
excess  of  30  mph.  In  San  Bernardino,  California  the  candidate  routes 
were  test-run  with  a Harbilt  Electric  Delivery  Van  to  verify  their 
suitability.  Unfortunately,  the  performance  capabilities  of  the  Harbilt 
resulted  in  some  routes  being  accepted  for  DJ-5E  assignments  with 
requirements  in  excess  of  the  performance  specifications  used  by  the 
U.S.P.S.  for  procurement  of  the  DJ-5E.  These  routes  were  later  identi- 
fied as  being  responsible  for  some  vehicle  failures  due  to  overstressing 
the  assigned  vehicles.  Upon  identification  of  these  routes,  the 
vehicles  involved  were  reassigned  to  routes  within  the  vehicle  per- 
formance specifications. 

In  accordance  with  the  U.S.P.S.  commitment  to  reducing 
vehicular  air  pollution,  the  majority  (293)  of  the  DJ-5E  vehicles  was 
assigned  to  locations  within  the  smog-plagued  Southern  California  Air 
Basin  (Los  Angeles  area).  The  others  were  assigned  in  groups  of  five 
and  ten  to  areas  strategically  selected  to  provide  a variety  of  terrain 
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ELAPSED  TIME  3;08  hr 
TOTAL  cnl  23.5 
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I 
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3 min  STOP  AT  EACH  40TH  STOP 
30  min  STOP  AT  150TH  STOP 
30  moh  FOR  1/2  ml  AT  STOP  280 

NO.  OF 
START/STOPS 

ACCEL  TO 

mph 

ACCEL  RATE, 
mph/sec 

COAST  TO, 
mph 

DECEL  RATE, 
mph/iec 

200 

15 

2 

10 

5 

50 

10 

2 

6 

5 

50 

20 

1.5 

13 

5 

GRADES  - 5%  max,  <3mT  UPHILL 

RETURN 

30  mph  - 0.5  mJ 
25  mph  - REMAINDER 

DECREASING  LOAD  WITH  DISTANCE 
MINIMUM  DISTANCE:  20  ml 


Figure  4-1. 


Postal  Delivery  Route  Driving  Cycle  and  Test  Requirements,  U.S.  Postal  Service 


Table  4**6.  Vehicle  Character is tics  - DJ-5E  Electric  Delivery  Van 


Type 

1/4-ton  van 

Manufacturer 

AM  General-Gould,  Inc. 

Dimensions: 

Wheelbase 

81  in.  (206  cm) 

Length 

133  in.  (338  cm) 

Width 

70.6  in.  (179  cm) 

Height 

73.8  in  (187  cm) 

Capacity 

60  ft3  (1.79  m3) 

Curb  weight 

3625  lb  (1648  kg) 

Payload 

675  lb  (307  kg)a 

Traction  Batteries 

Type 

lead-acid,  semi-industrial,  pasted 
plate 

Manufacturer-model 

Gould,  Inc.  - EV  27-66E-11 

Number  of  units 

1 

Number  of  cells/voltage 

27  cells/54  V 

Weight 

1260  lb  (577  kg) 

Energy  capacity 

330  Ah  at  6h  rate 

Charger 

Type 

Off-board  On-boardb 

Manufacturer 

Gould,  Inc.  Could,  Inc. 

Input  voltage 

240  or  480  V,  120  V,  single 

single  phase  phase 

Recharge  time 

8 - 10  hr  10  - 16  hr 

Motor 

Type 

DC  Compound 

Manufacturer 

Gould,  Inc. 

Power  rating 

10  hp 

Controller 

Type 

SCR 

Manufacturer 

Gould,  Inc. 

Transmission 

None 

Tires 

Type 

Radial  ply,  conventional  tread 

Size 

CR  78-15 

Regenerative  Braking 

Effective  at  speeds  above  17  mph 
(27  kra/hr) 

aIncludes  175  lb  (80  kg)  for  driver 

bOnly  a few  U.S.P.S.  DJ-5E*s  are 

equipped  with  on-board  charger 
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Table  4«7* 

Performance  Characteristics 

- DJ-5E 

Manufacturer’s  Spec’s. 

U.S.P.S.  Data 

Top  Speed 

40  mph  (64  km) 

33  mph  (53  km/hr) 

Range 

V.  ■ 

Constant  speed  of 

N/A 

30  mi  (48  km) 

30  mph  (48  km/hr) 

Postal  cycle 

29  mi  (46  km) 

25  mi  (40  km) 

Acceleration  0-30  raph 
(0-48  km/hr) 

20  sec 

20  sec 

Gradeability 

• 

Speed  on  5%  grade* 

N/A 

20.5  mph  (33  km/hr) 

Speed  on  10%  grade 

16  mph 

14  mph  (22.4  km/hr) 

and  climate.  Locations  and  number  of  vehicles  assigned  as  of  May  1977 
are: 


San  Bernardino,  California 
Torrance,  California 
Gardena,  California 
Evansville,  Indiana 
Charleston,  South  Carolina 
Falls  Church,  Virginia 
Cherry  Hill,  New  Jersey 
New  Haven,  Connecticut 
Hartford,  Connecticut 

Total 


Assigned 
to  Routes 

Storage 
or  Spares 

Total 

146 

23 

169 

73 

10 

83 

41 

— 

41 

10 

— 

10 

10 

— 

10 

10 

— 

10 

10 

— 

10 

5 

— 

5 

5 

— 

5 

310 

343 

The  vehicles  assigned  to  Cherry  Hill,  New  Jersey,  were  reassigned  to 
Norfolk,  Virginia,  near  the  end  of  1976.  All  the  vehicles  have  been 
operational  since  March  1976,  except  for  the  41  in  Gardena  which  are  in 


the  process  of  beginning  regular  operation.  The  other 
352  purchased  by  the  U.S.P.S.  are  assigned  to  special 
the  mechanics  training  facility  in  Norman,  Oklahoma, 
tion  of  the  in-use  DJ-5E's  is  shown  in  Figure  4-3. 


9 vehicles  of  the 
test  programs  and 
Current  distribu- 


In  all,  locations  except  the  San  Bernardino  area  the  DJ-5E  s 
operate  out  or  a single  Post  Office.  The  146  electric  vans  in  the  San 
Bernardino  at*:.:  are  distributed  among  14  offices,  some  of  which  are  in 
surrounding  cities.  Each  DJ-5E  van  involved  in  the  in-use  program  xs 
assigned  to  a specific  route  and  is  expected  to  perform  that  route  on  a 
daily  basis.  The  routes  vary  from  4 to  15  mi  with  an  average  of  9.8  mi. 
Start-stop  requirements  are  reported  to  vary  from  8 to  425.  As  ot 
May,  191  of  the  vehicles  assigned  to  routes  had  been  in  regular  use 
from  15  to  21  mo.  The  73  vehicles  in  Torrance  have  been  in  regular  use 
since  December  1976.  Vehicle  mileage  accumulated  by  the  191  vehicles 
in  use  for  over  a year  ranged  from  2000  to  6000  mi  as  of  May  1977. 
Ambient  temperatures  to  which  the  DJ-5E’s  have  been  exposed  in  regular 
use  are  reported  by  the  U.S.P.S.  to  have  ranged  from  0-110  F. 


Most  of  the  DJ-5E's  replaced  ICE  Jeeps  or  other  delivery 
vehicles  ovmed  or  leased  by  the  Postal  Service.  However,  in  some 
locations,  the  San  Bernardino  area  in  particular,  the  electric  vans  were 
assigned  to  routes  on  which  the  carriers  had  been  using  their  personal 
vehicles  with  compensation  by  the  U.S.P.S.  Loss  of  this  t ompensa 
aonarentlv  was  a source  of  substantial  resentment  in  some  carriers 
assigned  to  electric  vans,  thus  creating  an  additional  complication  to 

driver  acceptance. 


4.2.3 


Use  Experience 


At  the  end  of  1976,  the  U.S.  Postal  Service  had  accumulated 
399,291  mi  of  use  experience  on  191  DJ-5E  electric  delivery  vans 
assigned  to  regular  delivery  routes.  These  vehicles  had  been  placed 
into  daily  service  from  December  1975  - February  1976.  This  experience 
was  the  basis  of  data  supplied  for  the  In-Use  Survey  in  early  March 
by  U.S.P.S.  Office  of  Fleet  Management.  Supplementary  data  collection 
visits  made  to  DJ-5E  operations  in  San  Bernardino,  Evansville,  an 
Torrance  provided  additional  detail  on  the  .-.an  Bernardino  and  Evansville 
experience  included  in  the  fleet-wide  data,  end  data  on  almost  6 mo 
of  the  Torrance  operation  initiated  in  December  1976.  The  visits, 
also  provided  data  on  several  months  of  1977  operation  for  San 
Bernardino  and  Evansville.  These  locations  were  selected  for  site 
visits  for  the  following  reasons: 


San  Bernardino  - first  and  largest  operation; 
Evansville  - two  winters  of  cold  weather  expedience; 
Torrance  - newest  and  second  largest  operation. 


Data  obtained  from  the  individual  operating  sites  permit  comparison  of 
experience  between  sites  and  provide  detail  required  for  certain 
analyses,  such  as  detailed  failure  analysis.  Visits  were  also  made  to 
AM  General  and  Gould,  Inc.  to  obtain  additional  insight  to  experience 
with  the  DJ-5E. 

The  average  daily  mileage  per  vehicle  of  9.8  mi  (15.7  km) 
reported  for  the  DJ-5E  fleet  amounts  to  an  average  annual  mileage  per 
vehicle  (based  on  300  delivery  days  per  year)  of  2940  mi  (4700  km). 
Individual  vehicle  records  for  the  146  San  Bernardino  vehicles  assigned 
to  routes  showed  accumulated  mileage  from  1600  to  6600  mi  (2560  to 
10,560  km)  as  of  April  1977.  At  that  time  these  vehicles  had  been  in 
regular  use  from  14  to  17  mo.  Some  had  also  accumulated  several  hundred 
miles  in  test  operation  prior  to  regular  service.  The  accumulated 
mileages  are  within  the  range  represented  by  the  8 to  15  mi 
(12.8  - 24  km)  variation  in  assigned  routes  and  variation  in  service 
time  and  test  mileage.  Records  of  operating  hours  and  mileage  from 
Evansville  and  Torrance  reflect  the  high  ratio  of  stop  time  involved 
in  the  postal  routes.  The  downtown  area  routes  of  Evansville  result  in 
1.0  mi  (1.6  km)  per  operating  hour  and  the  suburban  routes  in  Torrance 
result  in  1.6  mi  (2.6  km)  per  operating  hour. 

Normal  depth  of  discharge  for  the  U.S.P.S.  DJ-5E*s  is 
reported  to  be  60%  or  less,  depending  on  the  particular  route. 

Vehicles  are  recharged  on  a daily  basis  with  an  equalizing  charge  being 
applied  weekly.  Drivers  are  responsible  for  connecting  their  vehicle 
to  the  charger  and  assuring  that  all  vehicle  controls  and  switches  are 
in  the  proper  position  for  charging.  Chargers  are  turned  on  by  the 
activation  of  a master  -switch  by  the  person  assigned  that  responsibility 
at  each  operating  location.  This  is  usually  done  at  the  end  of  office 
hours,  resulting  in  initiation  of  charging  about  an  hour  after  the 
vehicles  return  from  their  routes.  In  locations  such  as  Evansville 
and  Torrance  where  the  vehicles  are  stored  adjacent  to  the  VMF,  charger 
activation  is  the  responsibility  of  VMF  personnel,  who  generally  check 
to  see  that  the  vehicles  are  properly  configured  for  charging.  This 
checking  avoids  most  of  the  driver-caused  charging  problems  experienced 
at  operating  locations  not  adjacent  to  the  responsible  VMF  and  there- 
fore not  monitored  on  a daily  basis  by  VMF  personnel. 

Routine  maintenance  for  the  DJ-5E  as  reported  by  the 
U.S.P.S.  consists  of  semiannual  chassis  maintenance  and  battery  mainte- 
nance involving  weekly  watering  and  cleaning  and  monthly  checking  of 
voltage  and  specific  gravity.  Battery  maintenance  man-hours  and  dis- 
tilled water  requirements  for  the  individual  VMF*s  surveyed  are 
summarized  in  the  following  table  per  1000  vehicle  miles  and  per 
vehicle  per  year. 


Battery 

Maintenance 

Man-hours 

Distilled 

Water 

Reporting 

VMF  ■ Period 

Vehicles 

Per 

1000  mi 

Per 

Vehicle/ 

year 

gal./lOOO 

mi 

gal./veh/ 

year 

Evansville  10/1/76  - 

3/20/77 

10 

5.7 

7.8 

4.7 

7 

San  Bernardino  11/6/76  - 
12/3/76 

146 

1.8 

4,8 

15.2 

42 

Torrance  3/26/77  - 

6/17/77 

73 

2.3 

6.5 

10.4 

30 

Average 

2.6 

6.2 

11.0 

30 

The  much  lower  rate  of  water  consumption  reported  for 
Evansville  reflects  the  cold  weather  conditions  of  that  particular 
reporting  period. 

The  only  special  facilities  provided  for  support  of  the 
U.S.P.S.  DJ-5E  delivery  vans  are  the  charger  installations  at  each 
operating  office.  Chargers  are  installed  on  concrete  pads  directly  in 
front  of  the  parking  stalls  to  which  the  vehicles  are  assigned  in  the 
vehicle  storage  lots  at  each  location.  Postal  Service  specifications 
for  procurement  of  the  DJ-SE's  required  charger  operation  on  240  or 
480  V,  but  some  installations  initially  used  208  V,  three-phase  power 
supply.  Some  vehicle  problems  have  been  attributed  by  Gould  engineers 
to  these  inadequate  installations  and  they  have  been  corrected. 

The  U.S.P.S.  DJ-5Efs  have  experienced  a very  high  failure 
rate  relative  to  the  Harbilt  vehicles.  Mean  time  between  failures  for 
the  DJ-5E  fleet  was  reported  by  the  U.S.P.S.  to  be  SO  days,  which 
would  be  about  7 failures  per  vehicle  per  year.  This  contrasts  with 
the  less  than  one  failure  per  vehicle  per  year  indicated  by  the 
Cupertino  records  for  the  Harbilts.  Figure  4-4  is  a histogram  of 
failures  per  1000  mi  derived  from  the  San  Bernardino  vehicle  records. 

It  indicates  an  average  failure  rate  of  4.4  failures  per  1000  mi, 
which  at  the  average  annual  mileage  per  vehicle  is  about  13  failures 
per  vehicle  per  year.  The  "failures"  recorded  in  the  U.S.P.S.  vehicle 
records  Include  all  vehicle  problems  reported,  including  mechanical 
problems,  unconfirmed  problems,  and  driver-caused  problems.  Warranty 
repair  records  for  the  San  Bernardino  vehicles  for  1976,  which  reflect 
almost  all  repair  actions  on  those  vehicles,  indicate  7.3  actual  repair 
actions  per  vehicle  in  1976.  While  the  "failure"  rates  of  Figure  4-4 
are  almost  double  actual  failures,  the  distribution  shown  is  considered 
to  be  representative  of  actual  variation  between  vehicles. 
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Figure  4-4.  Failure  Rates,  U.S.  Postal  Service  DJ-5Es* 

The  high  failure  rates  experienced  by  the  DJ-5E*s  is  due 
primarily  to  excessive  controller  failures  early  in  the  program  an 
battery  failures  in  recent  months.  Because  of  the  excessive  rate  of 
failures  and  the  significance  of  the  U.S.P.S.  Program  to  overall  E 
use  experience  in  the  United  States,  additional  analysis  of  failures 
was  performed  to  determine  trends  and  identify  primary  failure  modes. 
This  analysis  was  based  on  the  vehicle  records  and  warranty  records 
from  San  Bernardino,  the  initial  and  largest  DJ-5E  operation  in  *** 
Program.  Failure  (problem)  reports  from  the  vehicie  records  are  plotted 
as  a function  of  time  in  Figure  4-5.  This  shows  a distinct  downward 
trend  in  failures  in  recent  months. 

The  DJ-5E  vehicles  have  been  under  warranty  throughout  the 
time  they  have  been  in  use  by  the  U.S.P.S.  This  warranty  was  recently 
extended^  thro  ugh  September  1977.  Since  most  of  the  DJ-5E  failures  have 
been  in  the  electric  propulsion  system,  the  vast  majority  of  warranty 
repairs  have  been  made  by  Gould  technicians.  Gould  maintains  a support 
facility  in  the  San  Bernardino  area  and  is  called  directly  when 
problems  occur.  Therefore,  the  warranty  repair  rccord^.^1!;^i"^i^ed 
Gould  for  the  169  vehicles  in  the  San  Bernardino  area  (146  are  assigned 
to  routes  and  the  other  29  are  storage  or  spare  vehicles)  provide  a 
reasonably  accurate  picture  of  failure  rates  and  modes.  Analysis  ot 
theU37 warranty  action  reports  filed  by  Gould  for  1976  resulted  in 
the  plot  of  failures  as  a function  of  time  shown  in  FiS“re/*;6  and  the 
summary  of  frequencies  of  failures  by  mode  given  in  Table  4-8. 

Figure  4-6  also  reflects  a distinctive  downtrend  in  failures.  The  low 
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FAILURES  (BASED  ON  HALF-MONTH  INTERVALS) 
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^ 1976 — 1977 — *j 

Figure  4-5.  Reported  Failures  per  Vehicle  per  Month 

U.S.P.S.  DJ-5E  San  Bernardino  Vehicle  Records 


TIME 

1976 


Figure  4-6.  Time  History  of  Failures,  U.S.P.S.  San  Bernardino, 
DJ-5E  Warranty  Repair  Records 


Table  4-8.  Failure  Modes  and  Frequencies, 

San  Bernardino  DJ-5E  Warranty  Repair  Records 

A.  Electric  Drive  Svstem  Failures 

Battery 

169 

Replacement 

163 

Water  required 

13 

Charge  required 

13 

Controller 

639 

FC101  - Drive  ckts 

99 

Charge  ckts 

68 

Fuse  blown 

93 

Main  SCR 

65 

Com  SCR 

19 

Accel/brake  hardware 

116 

Hardware  failures 

103 

Safety  board 

16 

Fan 

27 

Other 

55 

Shift  Tower 

58 

Hardware  failures 

58 

Motor-Propulsion 

12 

Open  or  shorted 

6 

Burned  hardware 

6 

Charge  Meter 

29 

Replacements 

29 

907 


B.  Vehicle  Failures 
Lights 

Accessor^  battery 
Accessories 
Rear  end 


13 

12 

2 

2 


29 


C.  Battery  Charger  Failures 

Connectors 

Relay 

Fuse 

Circuit  breakers 
Other 

D.  Driver  Errors 

Vehicle  charging 
On  road 

TOTAL 


137 


76 

21 

19 

16 

5 


50 

16 


66 


1137 
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initial  failure  rates  are  due  to  incremental  assignment  of  the  146 
vehicles  to  regular  use  from  December  1975  through  the  end  of  February. 
Table  4-8  shows  that  the  controller  and  propulsion  battery  have  been 
responsible  for  71%  (56%  and  15%,  respectively)  of  the  warranty  repair 
actions.  The  pronounced  reduction  in  failures  beginning  about  September 
is  primarily  attributed  to  a set  of  modifications  developed  by  Gould  to 
correct  a potential  safety  hazard  by  additional  lockout  of  vehicle 
lurch  capability  and  to  improve  controller  reliability.  These  modifica- 
tions were  installed  on  all  vehicles  between  August  and  November  1976. 

Recently  the  pj-5E's  have  been  experiencing  an  excessive 
number  of  battery  failures.  Figure  4-7  is  a histogram  of  battery  life 
constructed  from  San  Bernardino  vehicle  records.  This  distribution 
indicates  an  average  life  of  only  2900  mi,  or  less  than  300  cycles. 

The  warranty  repair  records  confirm  this  estimate  as  they  show  a total 
of  143  battery  replacements  in  1976,  which  means  a battery  replacement 
rate  of  almost  one  per  operating  vehicle  per  year  or  an  average  life  of 
about  3000  vehicle  miles.  The  batteries  carry  a 4-yr  warranty,  which 
implies  that  Gould  expected  to  achieve  a life  of  at  least  1200  cycles. 

The  extremely  short  life  actually  experienced  has  been  attributed  by 
Gould  to  premature  softening  of  the  positive  plates.  Gould  has  declined 
to  discuss  the  results  of  its  battery  investigation  as  to  the  cause  of 
temperature  softening,  but  in  June  began  installing  new  batteries  which 
Gould  claims  should  have  the  problem  corrected  and  should  achieve  a cycle 
life  of  750  cycles  at  80%  discharge  or  about  1500  cycles  in  the  Postal 
Service  application. 


*Gxnpot«<J  from  8otr«y  Replocementi  Reported  by  lh«  San  Bem®dlno  VMP  foe  the  Period  Nov  1976  - Feb  1 977 

->  Figure  4-7.  Battery  Life,  U.S.  Postal  Service  DJ-5Es* 
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Despite  the  excessive  number  of  failures  experienced  with 
the  U.S.P.S.  DJ-5E*s,  the  availability  of  the  vehicles  to  perform 
scheduled  duties  has  been  fairly  good.  This  can  be  attributed  primarily 
to  the  excellent  support  provided  by  Gould  to  minimize  downtime  and 
reduce  failure  rates.  The  U.S.P.S.  reports  the  precentage  availability 
- the  percentage  of  days  vehicles  successfully  complete  their  assigned 
routes  - as  97%  for  the  DJ-5E  fleet  through  1976.  Figure  4-S  shows 
percentage  availability  by  reporting  period  from  downtime  records 
obtained  from  San  Bernardino  and  Torrance.  This  plot  indicates  a 
decreasing  availability  averaging  about  96%  from  November  1976,  through 
June  1977.  Failure  rates  decreased  during  this  period,  but  batteries 
became  the  primary  failure  mode  and  downtime  went  up  significantly  due 
to  delays  in  obtaining  replacement  batteries.  Some  vehicles  were 
deadline  for  weeks  awaiting  batteries.  Records  obtained  from  Evansville 
showed  percentage  availability  by  reporting  period  ranged  from  a high 
of  99.5%  to  a low  of  75.6%.  This  high  degree  of  fluctuation  results 
from  the  pronounced  effect  of  delays  in  obtaining  replacement  batteries 
on  the  small  fleet  size  of  ten  vehicles. 


Table  4-9  presents  vehicle  mileage  and  energy  consumption 
reported  by  the  U.S.P.S.  for  six  operating  locations  and  eight  4-wk 
accounting  periods  plus  totals.  The  Oklahoma  City  records  are  for 
those  vehicles  now  assigned  to  the  mechanics  training  school  in  Norman, 
Oklahoma.  This  table  indicates  and  average  energy  consumption  of 
1.52  kWh /mi  (0.95  kWh/km)  and  a range  of  1.18-1.86  kWh/mi  (0.74- 
1.16  kWh/kra)  for  the  six  locations.  The  difference  in  consumption 
between  locations  is  attributed  to  difference  in  route  requirements 
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Table  4-9.  Electric  Vehicle  Power/Energy  Use 


FY  1976- 


Location 

thru 
A/P  13 

A/P  16 

A/P  17 

A/P  18 

A/P  19 

Totals 
to  date 

FY  1977 
AP  1 

A/P  2 

A/P  3 

A/P  4 

Life  to 
Date 

Charleston,  SC 

mi 

954 

971 

1,006 

1,121 

4,052 

1,037 

1,047 

1,165 

841 

8,142 

ktth 

1,884 

1,683 

1,888 

1,955 

7,410 

1,873 

1,862 

2,287 

1,689 

15,121 

1 

□ 

1.97 

1.73 

1.88 

1.74 

1.83 

1.81 

1.78 

1.96 

2.01 

1*86 

Cherry  Hill,  KJ 

mi 

5,952 

2,234 

2,227 

2,187 

2,102 

14,702 

1,677 

16,379 

kWh 

7,169 

2,384 

2.446 

2.471 

2.740 

17,210 

2,049 

Transferred 

to 

lo'ysq 

kWh /mi 

1.20 

1.07 

1.09 

1.13 

1.30 

1.17 

1.22 

Norfolk,  Va, 

U18 

Evansville,  IK 

mi 

12, 343 

1,144 

1,261 

1,148 

1.197 

17,093 

1,143 

1,211 

1.157 

920 

21,524 

kWh 

21,854 

1,882 

2,026 

1,954 

2,061 

29,777 

1,971 

2,099 

2,322 

2,270 

38,439 

kUli/oi 

1.77 

1.65 

1.60 

1.70 

1.72 

1.74 

1.72 

1.73 

2.01 

2,47 

1.79 

Falls  Church,  VA 

n£ 

3,111 

614 

1,373 

1.261 

1,330 

7,689 

1,149 

1,168 

1,068 

576 

11,650 

kWh 

7,550 

2,540 

2,750 

2.680 

1,142 

16,662 

2,630 

2,351 

2,551 

1.379 

25,573 

kWh/ai 

2.42 

4.14 

2.0 

2.13 

.85 

2.17 

2.29 

2.01 

2.39 

2.39 

2.20 

Oklahoma  City,  OK 

mi 

112 

896 

940 

1,948 

859 

933 

925 

862 

5,527 

kWIi 

334 

1,132 

1,110 

2,576 

1,117 

1,323 

1,218 

2,022 

8,256 

kWli/ai 

2.98 

1.26 

1.18 

1.32 

1.30 

1.40 

1.31 

2.30 

1.49 

San  Bernardino,  CA 

mi 

85,629 

27,577 

30,150 

32,131 

34,388 

209,875 

31,727 

31,138 

32,512 

30,817 

336,069 

kWh 

128,443 

44,450 

42,510 

39,383 

39,480 

294, 266 

47,590 

49,820 

52,019 

58,260 

501,955 

kWh/mi 

1.50 

1.61 

1.41 

1.23 

1.15 

1.40 

1.50 

1.60 

1.60 

1.89 

1.49 

TOTALS 

mi 

107,035 

32,523 

36,094 

38,629 

41,078 

255,359 

37,592 

35,497 

36,827 

34,016 

399,291 

kWh 

165,016 

53,140 

51,749 

49,508 

48,488 

367,901 

57,230 

57,455 

60,397 

65,620 

608,603 

by  A/P 

kWh/ni 

1.54 

1.63 

1.43 

1.28 

1.18 

1.44 

1.52 

1.62 

1.64 

1.93 

1.52 

Source:  U.S.  Postal  Service 
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and  climate.  Consumption  rates  by  accounting  period  for  Evansville 
reflect  the  decreasing  efficiency  of  the  batteries  with  decreasing 
temperature.  (Since  the  U.S.P.S.  Fiscal  Year  oegins  in  October, 

A/P  3 and  4 for  FY'77  coincide  with  December  and  January.)  During  the 
extreme  cold  of  the  past  year  the  effect  on  battery  performance  in 
Evansville  was  so  severe  that  some  of  the  vehicles  could  not  even 
complete  routes  of  5 .or  6 mi  and  had  to  be  replaced  by  ICE  vehicles 
for  several  weeks.  The  DJ-SE's  in  Evansville  are  stored  in  open  lots, 
as  at  all  of  the  U.S.P.S.  locations,  with  no  special  provision  for 
keeping  the  batteries  heated.  Therefore,  the  batteries  are  subject  to 
cold  soaking  overnight.  The  U.S.P.S.  reports  that  electricity  costs 
range  from  a low  of  $0.01  per  kWh  to  a high  of  $0.05  per  kWh  for  the 
locations  in  which  the  EV's  are  operating.  Willingness  of  utilities  to 
provide  discounts  for  off-peak  charging  also  has  varied  with  location. 


The  U.S.P.S.  declined  to  provide  an  estimate  of  life  cycle 
cost  for  either  of  their  in-use  EVs,  explaining:  "Because  of  the  many 

variables  we  have  not  attempted  to  develop  life  cycle  costs  as  yet.  To 
do  so  before  full  stabilization  of  the  vehicle  and  its  components  is 
in  our  opinion  unwise."  The  nonuniformity  of  power  rate  structures  and 
uncertainty  about  battery  life  are  cited  as  additional  complications  to 
estimation  of  life  cycle  cost.  As  the  U.S.P.S.  also  points  out,  the 
vehicle  and  battery  warranties  further  complicate  cost  estimation. 
Analysis  of  warranty  repair  records  from  San  Bernardino  results  in  the 
following  values  for  annual  repair  requirements: 


Labor  time 

Travel  time  3.4  hr /vehicle 

Repair  time  6.0  hr /vehicle 

Parts  cost  (not  including  $182/ vehicle 

propulsion  battery) 

Application  of  these  data  to  life  cycle  cost  estimation  is  not  only 
complicated  by  the  decreasing  trend  (i.e.,  lack  of  stabilization)  in 
failure  rates  but  also  by:  dependence  of  travel  time  on  location  of 

vehicles  relative  to  repair  facilities;  possible  changes  in  repair 
times  resulting  from  assumption  of  repair  functions  by  Postal  Service 
mechanics  at  expiration  of  vehicle  warranties;  and  the  likelihood,  as 
indicated  by  U.S.P.S.  investigation,  of  obtaining  lower  cost  replace- 
ment parts  from  sources  other  than  the  manufacturer. 

Despite  the  complications  and  uncertainties  involved  in 
producing  an  estimate  of  life  cycle  cost,  the  significance  of  the 
U.S.P.S.  DJ-5E  Program  warrants  an  attempt.  However,  the  complications 
and  uncertainties  necessitate  a broad  range  for  some  elements  and 
appropriate  caution  in  use  of  the  estimates.  The  estimates  are  based 
on  a 10-yr  life  as  projected  by  the  U.S.P.S.  The  high  cost  estimates 
represent  pessimistic/conservative  values  based  on  average  performance 
to  date,  and  the  lower  estimates  reflect  optimistic  projected  reductions 
in  failure  rates  and  costs.  No  repair  costs  are  included  for  the 
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first  1-1/2  yr  of  use  nor  battery  costs  for  the  first  four  yrs  as  these 
are  covered  by  the  warranty*  Projected  life  cycle  costs  for  the 
U.S.P.S.  DJ-5E  are  given  in  Table  4-10  in  terms  of  annual  cost  in  1977 
dollars*  The  U.S.P.S.  reports  the  annual  cost  for  the  ICE  Jeep,  which 
is  depreciated  over  a 6-yr  life,  is  $1292.  The  annual  cost  estimates 
(less  financing,  insurance,  and  taxes)  for  the  DJ-5E  given  in 
Table  4-9  show. a range  from  less  than  the  annual  cost  for  the  ICE  Jeep 
to  about  2-1/2  times  that  cost.  The  primary  component  of  the  broad 
range  in  estimated  cost  is  the  cost  of  replacement  batteries.  The 
uncertainty  involved  in  life  cycle  battery  costs  clearly  dwarfs  uncer- 
tainties associated  with  other  components  of  the  vehicle  life  cycle 
cost. 


Table  4-10.  Estimated  Life  Cycle  Cost,3  U.S.P.S.  DJ-5E 
(Annual  Cost  in  1977  Dollars) 


Low  Estimate 

High  Estimate 

Depreciation 

Vehicle  (including  charger 
and  initial  battery) 

$ 665 

$ 665 

Replacement  batteries 

260 

1620 

Routine  maintenance 

100 

150 

Battery  water 

5 

20 

Repair 

105 

347 

Electricity 

45 

225 

$1180 

$3027 

Estimates  do  not  include  financing,  insurance,  and  tax  cost  which 
could  add  $500  to  $2000  to  annual  cost,  depending  primarily  on 
the  financing  required  by  battery  replacements. 
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CHAPTER  5 


BATTRONIC  MINIVAN  USERS 


About  115  Battronic  Minivans  have  been  manufactured  and 
sold  by  the  Battronic  Truck  Corporation  (Boyertown,  Pennsylvania)  since 
1973.  107  were  purchased  through  the  Electric  Vehicle  Council  s (EVC  s) 

Electric  Work  Vehicle  Purchase  Program  by  59  U.S.  Utilities  (105  vans), 
one  Canadian  Utility,  and  the  Lead  Industries  Association  (one  van 
each).  These  107  Minivans  were  delivered  during  1974.  At  the  same 
time,  and  from  the  same  production  line,  four  more  Minivans  were  sold 
directly  to  two  more  U.S.  Utilities,  one  more  Canadian  Utility,  and  the 
U.S.  Postal  Service  Research  Center  (Rockville,  Maryland).  Since  the 
purpose  of  the  Minivan  purchase  by  the  U.S.  Postal  Service  was  to  obtain 
comparative  testing  data  (together  with  an  Otis  P-500  van  and  a proto- 
type Electromotion  Postal  Van),  rather  than  trying  to  use  the  Minivan  on 
a regular  basis,  we  have  not  included  this  particular  van  in  our  survey. 


In  1976  the  Battronic  Truck  Corporation  sold  two  more 
Minivans.  One  to  a U.S.  Utility,  and  one  to  the  Government  of  Manitoba, 
Department  of  Public  Works  (Winnipeg,  Manitoba). 


A total  of  112  Minivans  has  thus  been  identified  as  the 
survey  population  for  our  analysis  of  the  user  experience  with  the 
Battronic  Minivan.  The  first  and  major  part  of  this  analysis  is 
centered  on  the  overall  experience  with  the  107  minivans  bought 
through  the  EVCfs  Electric  Work  Vehicle  Purchase  Program  (see  Sec- 
tion  5-2)  and  is  primarily  based  on  data  collected  through  the  Electric 
Vehicle  Council.  To  supplement  these  data  we  have  sent  out  a 5-page 
questionnaire  (see  Appendix)  covering  68  of  the  112  minivans,  and 
received  a 53%  response.  Furthermore,  phone  calls  to  about  50%  of  the 
users  (covering  almost  70%  of  the  vans,  and  including  the  68  vans 
mentioned  above)  and  5 site-visits  have  been  part  of  our  data  collec- 
tion effort  concerning  minivans. 


The  second  and  final  part  of  our  analysis  is  concerned  with 
the  user  experience  of  a few  selected  minivans  (see  Section  5.3), 
where  detailed  data  has  been  recorded  on  a daily  basis.  One  of  these 
vans  (operated  by  the  Omaha  Public  Power  District,  Omaha,  Nebraska) 
has  been  driven  almost  11,000  mi  since  November  1974,  which  is  the 
most  total  mileage  reported  on  any  of  the  112  Minivans  included  in  our 
survey.  This  particular  van  was  one  of  the  two  sold  directly  to  a 
U.S.  Utility  in  1974,  and  has  therefore  not  been  included  m the  EVC  s 
data  base  on  the  107  Minivans  bought  through  the  Electric  Work  Vehicle 
Purchase  Program. 


The  geographical  distribution  of  the  112  Minivans  is  shown 
on  Figure  5-1,  with  each  dot  representing  one  company.  The  size  of 
each  dot  indicates  the  number  of  Minivans  bought  by  each  company.  When 
talking  with  various  companies  we  found  that  in  several  cases,  where 
more  than  one  or  two  . ehicles  were  bought  by  the  same  company,  the 
Minivans  were  actually  used  at  different  locations  and  serviced 
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by  different  garages.  In  other  words  the  geographical 
the  Minivans  is  even  more  scattered  than  indicated  by  t 
ure  5-1.  All  of  the  66  companies,  who  together  have  be 
vans,  are  listed  in  Table  5-1  for  each  of  the  8 regions 
the  map  (Figure  5-1). 


i cribution  of 
< map  on  Fig- 
■ it  the  112  Mini 
. idicated  on 


Table  5-1.  Geographical  Division  Shown  on  Figure 
Number  of  Vehicles  Shown  in  Paronthes- 


l. 


New  England 

(1)  United  Illuminating  Co. 

(3)  New  England  Power  Service 

(1)  Cambridge  Electric  Light 
(1)  Public  Service  New  Hampshire 


Middle  Atlantic 

(1)  Lead  Industries  Association 
Cl)  Metropolitan  Edison  Co. 

(1)  Pennsylvania  Power  & Light  Co. 
(3)  Atlantic  City  Electricity  Co. 
(3)  Public  Service  Elec.  & Gas 
(6)  Niagara  Mohawk  Power 
(5)  Consolidated  Edison  Co. 

(1)  Long  Island  Lighting  Co. 

(1)  Hydro-Quebec  (Canada) 


South  Atlantic 

(1)  Baltimore  Gas  & Electricity  Co. 
(1)  Appalachian  Power  Co. 

(1)  Virginia  Elec.  & Power 

(2)  Carolina  Power  6 Light  Co. 

(2)  Ceorgia  Power  Co. 

(1)  Savannah  Elec.  & Power  Co. 

(1)  Jacksonville  Elcc.  Authority 
(1)  Florida  Power  Corp. 


West  North  Central 

(2)  Interstate  Power  Co. 

(1)  St.  Joseph  Light  and  Power  Co. 

(1)  Board  of  Public  Utilities,  Kansas. City 
(1)  Kansas  Gas  & Electric 
(4)  Iowa  Power  and  Light  Co. 

(1)  Iowa  Public  Service  "a. 

(1)  Minnesota  Power  and  *•.  rht  Co. 

(1)  Northwestern  Public  Service 

(2)  Northern  States  Power  Co. 

(1)  Omaha  Public  Power  District 

(1)  Government  of  Manitoba  (Canada)3 
(l)  Union  Electric  Co.3 


West  South  Central 

(3)  Gulf  States  Utilities 

(2)  New  Orleans  Public  Service 
(1)  Southwestern  Elec.  Power 

(3)  Public  Service  of  Oklahoma 

(1)  Community  Public  Service 

(2)  Texas  Electric  Service 

(1)  Texas  Power  & Light  Co. 

(2)  Dallas  Power  & Light  Co. 


Mountain 

(2)  Arizona  Public  Service 
(2)  Utah  Power  & Light  Co. 


Pacific 


(2) 

(D 

<1> 

(X) 

(1) 

(3) 

(2) 

(2) 

(2) 

(1) 


Ohio  Edison  Co. 

Toledo  Edison 

(2) 

Ohio  Power 

(1) 

Indiana  & Michigan  Elec. 

(4) 

Southern  Indiana  Gas  & Elec. 

(2) 

Northern  Indiana  Public  Service 

U> 

Consumers  Power  Co. 

CD 

Wisconsin  Elec.  Power 

(5) 

Wisconsin  Public  Service 

(1) 

Wisconsin  Power  & Light  Co. 

(D 

<D 

Washington  Water  Power 
Puget  Sound  Power  6 Light  no. 

Pacific  Power  6 Light  Co. 

Portland  General  Elec.  Co. 

PUD  of  Clark  County,  Washington 
PUD  of  Grant  County,  Washington 
Southern  California  Edison  Co. 

Sacramento  PUD 

British  Columbia  Hydro  Authority  (Canada) 
Eugene  Water  & Elcc.  Board 


East  South  Central 

(1)  Kentucky  Utilities  Co. 
(1)  Alabama  Power  Co. 

(1)  Mississippi  Power  Co. 


^Bought  in  1976 
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5.1  BASIC  VEHICLE  DESCRIPTION 

In  the  summer  of  1973,  the  first  prototype  of  the  Battronic 
Minivan  was  tested  at  the  Dana  Proving  Grounds  (Ottawa  Lake,  Michigan). 
The  prototype  was  built  through  a contract  wit  ■»  the  Electric  Vehicle 
Council,  and  was  found  to  meet  most  of  the  specifications  except  the 
ability  to  attain  a top  speed  in  excess  of  50  mph  (80  km/hr)  on  a level 
concrete  road.  As  a result,  the  vehicle  was  modified  from  a 96V  to  a 
112V  power  supply,  tested  again  and  accepted  for  production. 

The  final  product  — the  production  Battronic  Minivan  — is 
"a  short-range,  multistop,  urban  delivery  van".  It  is  specified  (by  the 
manufacturer,  the  Battronic  Truck  Corporation)  to  have  the  following 
key  performance  characteristics: 


Top  speed 

55-60  mph  (88-96  kph) 

Acceleration  in  "Lo  range" 

0-30  mph  (0-48  kph) : 
0-45  mph  (0-72  kph) : 

9.1  sec 
17  sec 

Acceleration  in  "Hi  range" 

0-30  mph  (0-48  kph) : 
0-45  mph  (0-72  kph) : 

9.6  sec 
27  sec 

Range  in  "Lo  range" 

at  25  mph  (40  kph)  : 

50-55  mi  (80-88  km) 

(cruise) 

at  35  mph  (56  kph)  : 
at  45  mph  (72  kph)  : 

42-47  mi  (67-75  km) 
32-36  mi  (51-58  km) 

Range  in  "Hi  range" 

at  25  mph  (40  kph)  : 

45-50  mi  (74-80  km) 

(cruise) 

at  35  mph  (56  kph)  : 
at  45  mph  (72  kph)  : 

38-42  mi  (61-67  km) 
30-33  mi  (48-53  km) 

Energy  economy 

average  for  city 
driving: 

1.2  kWh/mi  (0.75  kWh/km) 

Gradeability 

at  5%  grade: 
at  20%  grade: 
maximum  grade: 

27-28  mph  (43-45  kph) 
10-11  mph  (16-17  kph) 
31% 

The  key  vehicle  characteristics  are  listed  in  Table  5-2  and  shown  in 
Figure  5-2.  It  should  be  noted  that  the  current  model  of  the  Battronic 
minivan  has  different  characteristics.  The  two  major  changes  have  been: 

, • increased  curbweight  to  6000  lb,  and 

• increased  payload  to  800  lb  (and  thus  GW  to  6800  lb). 

5.2  THE  EVC’s  ELECTRIC  WORK  VEHICLE  PURCHASE  PROGRAM 

In  this  section  the  overall  user  experience  of  the 
107  Battronic  minivans,  bought  through  the  Electric  Vehicle  Council *s 
(EVC's)  Electric  Work  Vehicle  Purchase  Program,  is  evaluated.  The  main 
part  of  this  analysis  is  based  on  data  obtained  from  the  EVC,  which  has 
collected  two  sets  of  data  cards  from  the  participating  users  since  1974. 
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Table  5-2* 


Vehicle  Characteristics 

(Battronic  Minivan,  Standard 


1974  model) 


• Type  of  Vehicle 
« Manufacturer 

• Purchase  price,  standard  unit 

0 Dimensions 

Wheelbase 

Length 

Width 

Height 

® Curbweighfc 

• Payload 

© Cargo  capacity 

• Traction  batteries 

Type 

Number 

Operating  voltage 
Total  weight 
Energy  capacity 

• Charge 
Type 

Manufacturer 
Line  Voltage 


0 Motor 
Type 

Manufacturer 
Power  Rating 

© Controller 

o Transmission 


• Tires 


Urban  delivery  van 
Battronic  Truck  Corporation 

$10,000  (1973) 

$10,834  (1977  - quoted) 


94.5  in.  (240  cm) 
145  in.  (368  cm) 
74  in.  (188  cm) 

92  in.  (234  cm) 

5800  lb  (2631  kg) 

500  lb  (227  kg) 

160  ft3  (4.53  m3) 


Lead-acid  (G.B.C.  - type  EV330) 
2 modules  of  28  cells  each 
112V 

2400  lb  (1089  kg) 

330  A-hr  at  a 6-hr  rate 
277  A-hr  at  a 3-hr  rate 
244  A-hr  at  a 2-hr  rate 


On-board  (standard;  off-board  was 
optional) 

C.  & D.  batteries 
220  V/30  A - 6-8  hr 
110  V/15  A - 18-24  hr 


D.  C.  series 

General  Electric,  Model  BT  2376 
42  hp 

SCR  dc  Chopper  (GE  Model  510R) 

2-speed  (1:1  and  1:96  ratios);  no 
clutch  (van  must  be  stopped  to 
shift  between  the  "Hi-range  and 
the  "Lo-range"  gear 

Firestone  light  truck,  bias  ply 
(6.70-15C) 
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Figure  5-2.  Battronic  Minivan 
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The  collection  was  done  on  a voluntary  basis.  The  consis- 
tency over  time,  and  the  reliability  o£  the  data  submitted  to  the  EVC 
is  varied  but  seems,  generally  speaking,  impressively  good  for  the 
majority  of  the  vans  (only  21  were  never  reported  on).  To  date  372 
"failure  cards"  and  about  3350  "weekly  performance  cards  have  been 
received  by  the  EVC.  The  users  were  asked  to  send  in  a failure  card 
every  time  one  of  the  Minivans  failed  and  was  repaired,  and  a weekly 
performance  card"  each  week  for  each  Minivan.  Examples  of  the  two  types 
of  data  cards  are  shown  in  Figure  5-3. 

The  cards  can  be  subdivided  into  two  separate  time  periods 
reflecting  potential  utilization,  and  one  in  between,  reflecting  exten- 
sive downtime  (each  period  lasting  about  1 yr) : 


Delivery  during  1974  - July  1975 


potential 

utilization 


July  1975 


- Summer  of  1976  « extensive 

downtime 


Summer  of  1976 


~ May  1977  (now)  « potential 

utilization 


The  period  of  "extensive  downtime"  occurred  when  the  front  axle  of  the 
Minivan  was  recalled  by  the  Clark  Equipment  Company  (the  axle  manufac- 
turer) and  subsequently  by  the  Battronic  Truck  Corporation  in  late 
June  1975.  The  front  axles  had  all  come  from  a production  series 
together  with  about  13,000  identical  axles  used  in  U.S.  Postal  Service 
vans.  These  axles  had  shown  to  fail  during  loading  tests,  and  thus  did 
not  meet  the  specifications  for  the  postal  van.  While  the  Clark 
Equipment  Company  replaced  the  axles  on  the  Postal  vans  at  no  cost,  a 
similar  arrangement  was  not  possible  for  the  Minivans  due  to  disagreement 
over  "the  promised  maximum  load  capacity."  After  this,  another  axle 
manufacturer  was  involved  in  making  a prototype  and  then  the  final  pro- 
duction of  replacement  axles.  The  new  axles  were  shipped  to  the  users 
during  the  spring  of  1976  (February- June)  along  with  alignment  instruc- 
tions from  the  Battronic  Truck  Corporation,  and  at  no  cost  to  the 
users  - except  almost  a year  of  downtime.  The  axle  recall  and 
replacement  was,  beyond  any  comparison,  the  most  serious  failure- 
problem  with  the  Minivan. 

To  our  knowledge  only  one1  of  the  Minivans  was  used  during 
this  period  of  "extensive  downtime”  (maybe  a few  more , « even  though  no 
such  use  was  ever  reported  to  the  EVC).  After  proper  dynamic  testing  of 
the  front  axle,  and  subsequent  reduction  in  the  payload  specifications, 
this  particular  van  was  placed  back  in  service.  When  the  new  axle 
arrived,  it  was  installed  and  realigned,  causing  oniy  half -a-day  down 
time.  It  should  be  noted  that  this  van  has  a curb  weight  wl  ich  i^  1 ^ 


LThe  van  bought  by  the  Omaha  Public  Power  District,  and  earlier  - 
tioned  as  one  of  the  vans  which  was  not  part  of  the  EVC  program,  and 
therefore  never  has  been  reported  on  to  the  EVC. 
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electric  work  vehicle  purchase  program 


1 4 

Vehicle  # 


Week* 


Mo.Day  Vr, 


Dele 


KWH (10  charger) Used  During  Week 


Enter  "HI  Estimated  KWH 


Mites  Operated  During  Week 


Weekly 

Temporalure 

Ranged 


22  24 


High 


25  27 


Low 


pa*v,\s  mMQr\o\o 


31 


Weekly 

Maintenance 


Man-Hours 


32 


33 


S Costs 


Pletse  complete  tea  tenure  c eta  tarnwnmtnce  attter  then  notmei 


r— WEEKLY  DATA  CARD 

Thu  car  a thoufd  be  como'eted 
and  mailed  on  f*m  fast 
worfc.na  c.»  o»  each  week 


Name, 

TlltoM 


(Print) 


Comment*:, 


KVO  100A 


electric  work  vehicle  purchase  program 

Wisconsin  Public  Strvico  Co  FAILURE  card 


I <4 

VEH* 
Type* 


MiMim 


5 7 9 

MO.  DA.  YR 


Equipment 


:V 


12 


Reason* 


0\6U\0 


14 


Man-Hours /Repair 


$ Cost/Repair 


, EXAMPLE:  t.11411 1 1.01,31 .131  15151 . 14151 
1 Mochanical  Failure 
4 Brakes 

1 Failure  due  to  Faulty  Equipment 
.f  03.3  MarvHours/Repalr 
55,45  $Cost/Rapair 


17 


O\OlO\Q\«t0iO 


18 


24 


'See  couet  on  envelope 


DESCRIPTION  OF  REPAIRS 
NECESSARY: 

P*~o  6/eK\  u * 


£//  J & UtS/A/  e 
£>dd  Corpse. /"cr- 


evc  icon 


Figure  5-3 . Examples  of  a “Failure  Card11  and  a 
“Weekly  Performance  Card” 
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vans) • 

Other  problems,  mostly  battery  problems,  followed  the  axle 

sir  sxs  s “Si, «...  i....  ->  - »;  ss‘r  ,,r““ 

“?  "potential  use."  In  the  following,  referred  to  as  period  I 
(1974-1975)”  and  '‘period  II  (1976-1977). 


5.2.1  Total  Mileage 

To  give  an  overall  idea  of  how  extensively  the  Minivans 
have  been  used  to  date,  we  have  recorded  the  total  mileage  for  individual 
Minivans  (covering  over  50%  of  the  total  population)  in  the  h*st°Sr;™ 
in  Figure  5-4;  thus  identifying  the  number  of  Minivans  in  each  “ileag 
prouD  (0-1000  mi,  1-2000  mi,  2-3000  mi,  etc.).  It  can  be  seen  thac 
about  30%  of  the  vans  have  been  driven  less  than  1000  mi  each  or  less 
than  500  mi  per  year  of  potential  use. 


wftTC*  63  (OB  57!d)  OF  THE  110  MINIVANS  BOUGHT  IN  1974 

HAVE  REPORTED  TOTAL  MILEAGE  TO  DATE  AS  SHOWN 
IN  THIS  FIGURE. 

(SOURCE’  PERSONAL  COMMUNICATIONS  OR  JPL 
QUESTIONNAIRES.  AT  RANDOM,  WITH  SOME  PREFERENCE 
TO  COMPANIES  WITH  MORE  THAN  ONE  MINIVAN). 


Figure  5-4. 


Mileage  Distribution. 

Total  Mileage  per  Minivan  (1974-77) . 
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5.2.2  Identification  of  Reliable  Vehicle  Populations 

In  Figure  5-5  the  total  vehicle  population  of  107  vans, 
fparticipating  in  the  EVC  program,  has  been  categorized  in  a morphologi- 
cal fashion.  Primarily,  this  is  done  in  order  to  identify  and  count 
those  vans  which  have  an  acceptable  level  of  reporting  in  each  or  both 
of  the  two  periods  of  ''potential  use,"  and  thus  constitutes  the  groups 
of  vans  with  the  most  reliable  sets  of  failure  and  performance  informa- 
tion within  the  total  vehicle  population.  The  acceptaule  level  of 
reporting  ha3  been  defined  as:  seven  or  more  "weekly  performance 

cards"  submitted  to  the  EVC.  In  other  words,  we  are  assuming  that  those 
vans  with  more  than  seven  weekly  performance  cards  reported  also  have 
been  submitting  failure  cards  for  failures  occurring  within  this  period 
(of  at  least  7 wk). 

/ 

The  four  main  population  groups  represented  in  Figure  5-5 
are  therefore  those  vans  with  seven  or  more  "weekly  performance  cards" 
in  both,  one  (two  options),  or  none  of  the  two  time  periods  (1974-1975 
and  1976-1977). 

Within  each  of  these  groups  we  have  indicated  how  many  of 
the  vans  had  failures  in  both,  one  (two  options) , or  none  of  the 
two  time  periods. 


TIMEFRAME 

1976  - 1977 

WEEKLY 

PERFORMANCE 

CARDS 

>7 

<7 

FAILURE 

REPORTS 

YES 

NO 

NO 

YES 

1 

1 

1 

>7 

YES 

17 

8 

29 

2 

NO 

3 

4 

8 

1 

<7 

NO 

1 

1 

21 

0 

YES 

3 

2 

6 

1 

39 


72 


/ 


Figure  5-5.  Population  Classification  of  107  Battronic  Minivans 
in  the  Electric  Vehicle  Council's  Purchase  Program 
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A number  of  general  observations  should  be  made  from 

Figure  5-5: 

e 72  (67%)  of  the  vans  have  good  (acceptable) 
reporting  in  period  I. 

• 39  (36%)  of  the  vans  have  good  (acceptable) 
reporting  in  period  I. 

0 28  (or  26%)  of  the  vans  have  poor  reporting 

in  both  time  periods, 

• 32  (or  30%)  of  the  vans  have  good  (acceptable) 
reporting  in  both  time  period*?. 

• 40  (or  56%)  of  the  72  vans  with  good  reporting  in 
period  I have  poor  reporting  after  the  axle  problem 
(in  period  II) . 

• 7 (or  18%)  of  the  39  vans  with  good  reporting  in 
period  II  only  had  poor  reporting  before  the  axle 
problem  (in  period  I). 

« 16  (or  22%)  of  the  72  vans  with  good  reporting  in 

period  I never  reported  any  failures  during  this 
period. 

• 15  (or  38%)  of  the  39  vans  with  good  reporting  in 
period  II  never  reported  any  failure  during  this 
period. 


5.2.3  Failure  Modes 

Ten  ot  the  372  failure  cards  received  by  the  EVC  to  date 
are  concerning  the  axle  replacement.  Of  the  362  cards  with  other 
failure  information,  289  are  from  period  I (1974-1975),  and  73  are  from 
period  II  (1976-1977).  Since  some  of  the  cards  contain  information  on 
more  than  one  kind  of  failure,  and  other  cards  are  repeating  a specific 
failure  occurrence  already  mentioned  on  another  and  earlier  submitted 
card,  it  has  been  necessary  to  introduce  the  term  "failure  reports. 

Each  such  "failure  report"  can  be  identified  each  time  a failure  is 
reported  on  a failure  card.  In  other  words,  the  number  of  failure 
reports"  is  the  sum  of  "failure  cards"  plus  "other  failures  reported  on 
the  same  cards."  The  process  of  analyzing  the  failure  cards  so  that 
each  actual  failure  occurrence  can  be  identified  is  shown  in  Figure  5-6. 
Eighty-three  percent  of  the  206  "failures  related  to  the  electric  drive 
system"  and  90%  of  the  92  "vehicle  failures"  occurred  during  period  I 
(1974-1975). 

The  number  of  actual  failures  per  Minivan  has  been  related 
to  the  sum  of  vans  with  such  failure  rate,  as  shown  in  the  histogram 
on  Figure  5-7*  It  is  seen  from  this  figure  that  almost  50%  of  the 
failures  have  been  reported  by  only  14  (or  less  than  20%)  of  the  73  vans 
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U=  INDICATING  =|>) 


REPRESENTING 


"POTENTIAL  USE":  l (1974-75)  AND  II  (1976-77); 
73  (OR  68%)  OF  THE  VANS  HAVE  BEEN  REPORT- 
ING, WHILE  34  (OR  32%)  OF  THE  107  MINIVANS 
010  NOT  REPORT  ANY  FAILURES, 


Figure  5-6.  From  Failure  Cards  to  Actual  Failures 


NUMBER  OF  MINIVANS 


A TOTAL  OF  :?7  ACTUAL  FAILURES  HAS  BEEN  REPORTED  TO  THE 
ELECTRICAL  VEHi^LE  COUNCIL  IFROM  DELIVERY  IN  1974  TO  MAY 
1977).  THESE  FAILURES  WERE  REPORTED  BY  73  MINIVANS;  34 
MINIVANS  DID  NOT  KC°ORT  ANY  FAILURES, 


49%  OF  THE  FAILURES  HAVE  BEEN 
REPORTED  ON  14  (l**)  OF  THE  73 
MINIVANS  WITH  REPORTED  FAILURES 


° I 2 3 4 5 6 7 8 9 10  11  12  13 

NUMBER  OF  FAILURES/MINIVAN 


Figure  5-7.  Distribution  of  Failures/Minivan 
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with  reported  failures*  The  relationship  between  number  of  failures  and 
mileage  for  each  van  is  discussed  in  sections  5.2.4  and  5.2.5. 

The  number  of  failures  has  been  tabulated  for  each  failure 
mode  (component)  within  the  two  main  failure  groups,  and  a third  group 
of  "other  failures"  (see  Figure  5-8).  Doth  the  failures  reported  to 
the  EVC  and  failures  reported  by  the  Battronic  Truck  Corporation  (in  a 
one-sheet  summary  report,  dated  07/01/76)  are  shown  on  the  figure.  A 
brief  description  of  the  failures  for  each  component  is  given  in  the 
following  (listing  the  most  frequently  failed  component  within  each  main 
failure  group  first). 


5. 2. 3.1  Electric  Drive  System  Components 

j-he.  fuel  gauge  failed  in  some  cases  several  times  on  the 
same  vehicle,  and  was  usually  simply  replaced.  Besides  occurrences  of 
not  functioning  at  all,  the  gauge  also  showed  to  be  basically  unreli- 
able, The  gauge  is  preset  by  a shunt  register  to  indicate  that  when 
330  A-hr  have  been  drawn  from  the  batteries,  the  batteries  are  "empty." 
But  this  is  the  capacity  at  a 6-hr  rate,  as  specified  by  the  battery 
manufacturer.  If  the  batteries  were  discharged  at  a 3-hr  rate,  only 
277  A-hr  would  be  available;  and  in  the  case  of  a 2-hr  rate  only 
244  A-hr.  In  these  cases  the  fuel  gauge  would  theoretically  still  show 
that  the  batteries  were  from  1/5  to  1/4  full,  even  through  they  would 
actually  be  dead. 


The  converter  failed  in  a few  cases,  more  than  once  on  the 
same  vehicle.  Generally,  it  was  just  replaced.  The  converter  is  a 
110  to  12  V DC-DC  converter  built  into  the  charger  for  recharging  the 
12-V  auxiliary  battery.  Failures  mostly  involved  failure  to  charge,  but 
in  some  cases  it  overcharged  the  12-V  battery  and  dried  it  out,  so  that 
the  battery  had  to  be  replaced  too. 


The  300-A  fuse  was  blown  exclusively  (it  seems)  when  going 
"HI  at  full  speed.  The  fuse  would  blow  if  the  armature  current  was 
600  A for  more  than  100  sec,  900  A for  more  than  35  sec,  and  1500  A for 
more  than  13  sec.  If  accelerating  while  going  up  hill  the  ammeter  would 
easily  show  a full  reading  (1000  A).  In  most  instances  of  a blown  300-A 
fuse,  the  van  was  also  towed  in  and  substantial  towing  bills  paid. 


batteries  did  not  cause  any  significant  problems,  in 
terms  of  actual  failures,  until  the  last  period  of  use  (1976-1977),  In 
this  period  they  were  dominant,  accounting  for  12  (or  24%)  of  the  fail- 
ures  reported  during  1976-1977,  and  they  were  all  related  to  the  main 
iQ7fieio-j?aCkr  ^bont  10-15  sets  of  batteries  have  been  replaced  in 
j.y/b-1977.  Only  about  four  such  replacements  took  place  in  1974-1975. 
he7??r*ier  battery  failures  were  dominated  by  replacements  of  the 
auxiliary  battery.  In  rating  the  failures  relative  to  the  number  of 
?CCio?2C?n*  tI,e  battery  failures  have  been  the  most  frequent  failure 
love  76"*1977>  bUt  °nly  the  seventh  most  frequent  failure  in  1974- 
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TOTAL  TO  OATE 

TOTAL  FOR  PERIOD  I (1974-75) 


"l)  NO  SUCH  FAILURE  IS  REPORTED  BY  THE  8ATTRONIC  TRUCK  CORP(6TQ 

2)  25  CHARGER  PROBLEMS  WERE  REPORTED  BY  THE  BTC 

3)  5 BODY  PROBLEMS  WERE  REPORTED  BY  THE  BTC 


FAILURES  REPORTED  BY  THE  BTC 


Figure  5-8.  Failure  Modes  for  the  Battronic  Minivans 


,•  The  controller  failed  mostly  in  the  field  weakening  relay, 

which  was  then  just  replaced.  Almost  as  frequently  the  whole  control- 
ler had  to  be  repaired  or  replaced  through  the  Battronic  Truck 
Corporation* 

The  charger  created  several  secondary  problems  in  the 
batteries.  It  would  sometimes  keep  on  charging  (even  through  it  should 
be  automatically  tapering),  possibly  because  of  high  temperatures  in 
the  electrolyte.  A timer  was  installed  during  1975  on  several  Minivans 
in  order  to  prevent  this  from  happening.  Most  of  the  direct  charger 
failures  were  burnt  connectors  and  wires,  and  thus  actually  were 
repaired  easily  by  the  users  themselves  (as  in  the  case  of  blown  300-A 
fuses  and  most  of  the  "vehicle  failures"),  without  involving  the  Battronic 
Truck  Corporation  at  all.  This  seems  to  be  the  main  reason  for  the 
relatively  low  reporting  on  these  kinds  of  failures  in  the  failure 
statistics  from  the  Battronic  Truck  Corporation  (Figure  5-7). 

The  motor  rarely  failed. 


5.2. 3.2  Vehicle  System  Components 

One  of  the  most  unusual  problems  occurred  with  the  horn.  It 
sounded  when  driving  around  a corner.  The  cause  was  mechanical  and  was 
fixed  relatively  easily. 

The  brakes  did  not  cause  accidents  or  injuries  when  failing. 
There  were  mostly  problems  with  loose  bolts  on  the  backing  plate  for 
the  brakes  on  the  front  wheels,  and  broken  return  springs  on  the  front 
wheel  brake  and  the  emergency  brake.  A secondary  problem  was  experi- 
enced for  some  of  those  vans  with  the  dynamic  braking  system  (an  option 
chosen  on  17  of  the  vans).  The  heat  sink  for  the  dyr mic  brake  system 
was  located  so  close  to  the  12-V  auxiliary  battery,  chat  the  battery 
would  overheat.  In  some  cases  the  battery  was  moved  further  away  from 
the  heat  sink,  in  others  a reflecting  shield  was  installed. 

The  heater  failures  have  been  related  to  back-firing,  and 
leaking  of  gasoline  (fumes)  primarily. 

The  body  problems  were  centered  around  the  poor  accessibil- 
ity to  the  two  main  battery  packs  for  servicing  from  the  inside,  weak 
hinges  on  the  back  door,  and  loose  windshield  wipers.  Since  the 
electrolyte  could  not  be  checked  on  all  of  the  cells  without  having  to 
remove  both  battery  packs  with  a forklift,  several  companies  decided 
to  make  a bigger  opening  and  battery  door  on  the  inside  vof  the  van. 

The  front  wheels  showed  to  have  loose  .bolts  in  most  of  the 
failure  cases  reported.  The  problems  also  seem  to  have  been  related 
to  the  brake  failures,  mentioned  earlier. 

All  of  the  failures  lumped  together  under  miscellaneous 
are  ’Vehicle  system  failures"  on  components  other  than  those  already 
mentioned;  such  as  the  steering,  u-joint,  defroster  hose,  lights, 
transmission,  etc. 
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5. 2. A Failure  Rates  I (Failures  per  van/year) 

The  number  of  failures  during  each  week  has  been  plotted  as 
a 5-wk  running  average  (i.e.  average  weekly  failures  for  5-wk  periods 
at  weekly  intervals)  in  Figure  5-9  for  period  I only  (1974-1975). 

The  top  curve  includes  all  of  the  267  failures  reported  in  this  period. 
The  bottom  curve  includes  only  the  50  vans,  which  have  reported  7 or 
more  weekly  performance  cards  during  1974-1975,  and  for  which  these 
weekly  performance  data  were  readily  available  to  us  [72  - (22  with  no 
weekly  performance  data)  n 50]. 

To  determine  the  level  of  use  relevant  to  the  failures 
reported,  the  level  of  reporting  for  the  same  50  vans  just  mentioned 
has  been  plotted  in  Figure  5-10.  Failure  rates  for  each  week  are  calcu- 
lated for  the  50-van  population  (taking  the  data  points  from  Figure  5-9 
and  Figure  5-10),  in  terms  of  failures  per  van/year,  and  plotted  over 
time  in  Figure  5-11. 

The  linear  regression  curve  in  this  figure  shows  a slightly 
decreasing  failure  rate  over  time  from  about  4.6  to  about  4.0  failures 
per  van/year  over  the  whole  period.  A similar  set  of  plots,  done  for 
the  failures,  the  level  of  reporting,  and  the  failures  per  van/year, 
for  period  II  (1976-1977),  is  shown  in  Figures  5-12,  5-13,  and  5-14. 
Since  the  weekly  performance  data  were  available  for  all  of  the  39  vans 
with  7 or  more  weekly  performance  cards  during  this  period,  all  of 
these  39  vans  are  included  in  the  plots  for  period  II. 

The  linear  regression  curve  in  Figure  5-14  shows  a more  def- 
inite drop  in  the  failure  rate  over  time  than  the  one  from  1974-1975 
(Figure  5-11),  decreasing  from  about  3.0  to  about  1.0  failures  per  van/ 
year  over  the  whole  period. 

It  seems  evident,  from  the  above  analysis  of  failures  per 
van/year,  that  a relatively  constant  level  of  failures  (4.0  - 4.6  fail- 
ures per  van/year)  was  experienced  during  the  first  year  of  use,  and 
that  a learning  process  did  not  really  take  place.  In  contrast  to  this, 
it  also  seems  evident  that  a clear  learning  process  has  taken  place 
during  the  last  year  of  use,  going  from  about  3.0  failures  per  van/year 
to  what  seems  like  a relatively  stable  level  of  1.0  - 2.0  failures  per 
van /year.  v 


5.2.5  Failure  Rates  II  (Failures  per  1000  mi) 

The  number  of  failures  per  1000  mi  has  first  been  calculated 
(on  the  basis  of  total  mileage  and  total  number  of  failures  during  each 
of  the  two  periods  of  "potential  use")  for  each  of  the  vans  with  an 
acceptable  level  of  reporting  (7  or  more  weekly  performance  cards  in 
either  period;  see  Figure  5-5).  A few  of  these  vans  have  reported  less 
than  100  mi  total,  and  therefore,  show  extremely  high  (unreliable) 
failure  rates,  if  any  at  all  (e.g.  74.1,  44.4,  105.26  fallures/1000  mi). 
These  vans  with  less  than  a 100  mi  total  have  thus  been  excluded  from 
our  immediate  analysis  of  failure  rates. 
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Figure  5-9.  Number  of  Minivan  Failures  per  Week,  for  Period  I (1974-75)* 
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Figure  5-10.  Level  of  Reporting  for  Minivans* 
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Figure  5-11.  Minivan  Failure  Rates,  1974-75* 


These  plots  represent  the  5Q  minivans  with  "good  reporting",  i.e.  with  7 or 
more  weekly  performance  cards,  and  readily  available  data.  (Figure  5-11 
Was  derived  from  Figures  5-9  and  5-10). 
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YEAR  1976  I 1977 

TIME 


Figure  5-13.  Level  of  Reporting  for  Minivans* 


YEAR  1976  I 1977 


TIME 


Figure  5-14.  Minivan  Failure  Rate,  1976-77* 

These  plots  represent  the  39  minivans  with  "good  reporting" , 
i.e.  with  7 or  more  weekly  performance  cards.  (Figure  5-14 
was  derived  from  Figures  5-12  and  5-13). 
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For  each  time  period  (1974-1975  and  1976-1977)  and  "mileage 
group  (100-500  mi,  500-1000  mi,  1-2000  mi,  2-3000  mi,  etc.)  a number  of 
histograms  has  been  made,  indicating  the  number  of  Minivans  versus 
failures  per  1000  mi.  (See  Figures  5-15  and  5-16). 

A strong  linkage  between  higher  total  miles  driven  and  lower 
failures  per  1000  mi  seems  evident,  when  analyzing  these  histograms, 
and  the  average  failure  rates  within  each  mileage  group.  The  same 
pattern  can  be  observed  in  viewing  the  two  periods  together,  as  in 
Figure  5-17.  It  should  also  be  noted  that ‘the  average  failures  per 
1000  mi  was  lower  for  the  second  period  of  use  (1976-1977)  than  for  the 
first  period  (1974-1975);  e.g.  the  average  number  of  failures  per 
1000  mi  for  those  vans  with  more  than  1000  mi  (reported)  in  each  or 
either  of  the  periods,  was  1.69  in  1974-1975,  and  1.29  in  1976-1977 
(a  24%  drop). 


5.2.6  Availability 

As  documented  on  the  previous  pages,  a relatively 
substantial  amount  of  dependable  information  has  been  reported  on  the 
reliability  of  the  Miniyan.  In  contrast,  there  have  been  virtually  no 
reliable  data  recorded  on  the  availability  of  the  Minivan;  except  the 
story  on  the  front  axle  replacement  as  mentioned  in  the  beginning  of 
the  chapter. 

A "maximum  level  of  availability"  could  possibly  be 
identified  from  the  weekly  performance  cards  — roughly  by  relating  the 
number  of  cards  with  a recorded  weekly  mileage  of  zero,  to  the  number 
of  those  with  a positive  mileage  reading.  For  a number  of  reasons 
it  seems,  on  the  other  hand,  more  relevant  to  analyze  the  question  of 
availability  in  the  next  Section  (5.3)  where  the  experience  of  a few 
key  users  is  reported: 

• A large  but  unidentified  number  of  vans  was  never 
assigned  to  regular  use.  This  implies  that  any 
weekly  reports  of  "0-miles"  for  such  vans  is  more 
likely  to  mean  "not  used"  than  "not  available." 

• There  is  no  indication  on  the  weekly  performance 
cards,  which  tells  about  the  number  of  days  used. 

A daily  breakdown  would  be  necessary  to  obtain  a 
reasonable  level  of  accuracy  (as  attempted  in  the 
next  chapter). 

• One  important  aspect  of  the  question  of  availability 
is  whether  a vehicle  (when  assigned  to  regular  use) 
is  capable  of  performing  its  assigned  duty,  or 

not.  If  not  — if  it  for  example  has  to  be  towed 
back  in,  or  does  not  keep  the  time  schedule  — it 
would  be  viewed  as  "unavailable"  by  some  users.  For 
such  users  and  other  users  with  an  average  level  of 
enthusiasm,  a period  of  failure-related  downtime 
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FAILURES  PER  1000  mi 

Failures  per  1000  mi  for  the  70  Minivans  with  a "Good  Reporting"  in  1974-75,  and  More  than  100  mi 
Reported  (2  With  <100  mi) 


Figure  5-15.  Failure  Rate  vs  Miles,  1974-75 


FAILURES  FERtOOOmi 


Failures  per  1000  ml  for  the  33  Minivans  With  a "Good  Reporting"  in  1976-77,  and  More  Than  100  ml 
Reported  (6  With  <100  ml) 

Figure  5-16.  Failure  Rate  vs  Miles,  1976-77 
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("actual  unavailability,"  including  ordering  of  new 
parts,  waiting  and  pushing  for  parts  to  be  delivered, 
scheduling  of  repair  work  and  actual  repair  time? 
could  easily  be  extended  into  periods  of  potential 
use. 


FAILURES  PER  1000 ml 


Failures  per  1000  ml  for  the  76  Minivans  With  a "Good 
Reporting"  in  1974-75,  and/or  1976-77;  and  More  Than 
100  ml  Reported  (3  With  1 00  mi) 


Figure  5-17.  Failure  Rate  vs  Miles,  1974-77 


5.2.7  Consumption,  kWh 

The  average  kWh/mi  has  been  recorded  for  each  van  with  "an 
acceptable  level  of  reporting,"  for  each  of  the  two  periods  of  potential 
use,  and  vs  total  miles  driven  in  each  period  (see  Figures  5-18  and  5-19) . 
When  .data  points  which  seem  unreliable  (mostly  those  with  very  low  total 
mileage)  are  disregarded,  the  average  kWh/mi  is  very  much  the  same 
for  the  two  periods,  and  over  the  wide  range  of  total  mileages.  A 
kWh  consumption  of  1*5  it  0*5  kWh/mi  seems  to  be  a reasonable,  reliable 
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kWh/mi 


6 


Average  kWh/mi  for  each  of  the  72  Minivans  with  a 
"Good  Reporting"  in  Period  l is  Shown  vs  Total 
Mileage  in  the  Same  Period 


5 - 

(•) 
4 - 


Miles 


Figure  5-18.  kWh  Consumption  for  1974-75. 
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rating  of  the  Minivan*  (Examples  of  daily  recordings  of  the  kWh /mi 
c:q  documented  in  Section  5.2). 


5.2.8  Mileage 

The  average  weekly  mileage  for  all  of  the  minivans  reporting 
to  the  EVC,  is  49.5  mi/wk  during  the  reported  weeks  in  the  1974-1975 
period  and  36*2  mi/wk  in  the  1976t1977  period,  as  calculated  by  the 
EVC.  These  figures  range  from  0 to  166  mi/wk  for  individual  vans 
during  1974-1975,  and  from  0 to  92  mi/wk  during  1976-1977. 

Basically  these  figures  just  reflect  and  repeat  the  earlier 
mentioned  observation  of  a nonuniform  pattern  of  use  from  van  to  van. 
Consequently  we  have  left  the  detailed  analysis  of  mileage,  in  terms  of 
actual  daily  mileage,  to  Section  5.3,  where  such  data  is  presented 
primarily  in  the  form  of  route  profiles  for  a few  specific  vans  with 
records  of  daily  miles  over  a period  of  time. 

As  one  intermediate  measure  of  the  actual  route  profiles, 
we  have  attempted  to  collect  data  on  average,  maximum,  and  minimum 
daily  mileage  on  vans  in  regular  use,  through  our  five-page  question- 
naire. We  have  received  such  information  on  17  vans.  The  results  are 
shown  in  Figure  5-20. 


5.2.9  Weather  Effects 

In  his  SAE-paper  from  1976  about  the  experience  with  the 
107  Minivans  (Reference  5-1) , Edward  Campbell  (Executive  Secretary  of 
the  EVC),  analyzed  the  possible  relationship  between  ambient  temperatures 
and  the  kWh/mi  consumption;  since  "it  is  often  predicted  that  electric 
vehicles  will  not  operate  well  in  cold  weather."  Later  on  he  continues: 
"No  correlation  of  any  sort  developed  from  this  analysis,  as  might  be 
anticipated.  The  reason  is  that  the  electrolyte  temperature  is  not 
necessarily  determined  by  the  outside  temperature.  Most  of  the  vehicles 
(Minivans)  are  kept  indoors  and  on  charge  at  night  and  the  electrolyte 
temperature  is,  if  anything,  elevated." 

We  believe  that  these  statements  are  correct,  and  that  the 
problems  with  the  electrolyte  temperature  and  the  kWh  consumption  is 
much  more  critical  when  the  vehicle  is  being  charged  than  discharged. 

Several  occasions  of  overcharged  batteries,  which  lost  up  to 
15  gal  of  water  over  a weekend  charge,  seem  to  indicate  this. 
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Figure  5-20.  Daily  Mileage  For  17  Minivans 
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5.2*10  Routine  Maintenance 

Two  of  the  questions  in  a one-page  questionnaire,  sent  to 
the  Minivan  users  by  the  EVC  in  September  1975,  were  concerned  with  the 
routine  maintenance  on  the  main  batteries.  The  number  of  responses  were 
distributed  as  follows: 


Daily 

Weekly 

Biweekly 

Monthly 

Quarterly 

Other 

4-1 

£ 

Specific  Gravity  Readings 
Are  Taken 

15 

12 

11 

— 

1 

39 

Main  Batteries  Are  Removed 
From  the  Van  for  Inspection 
and  Servicing 

1 

1 

10 

2 

13 

1 

10 

37 

Almost  the  same  pattern  can  be  seen  from  the  responses  on  the  JPL 
questionnaire.  Most  other  routine  maintenance  activities  are  related 
to  the  vehicle  system  components,  and  much  less  time  consuming  compared 
to  the  battery-related  maintenance  (e.g.  2-4  hr  every  3 mo). 


5.2.11  Costs 


The  1974  purchase  price  of  a Minivan  varied  from  $10,000 
for  a standard  unit,  to  about  $13,750  for  a van  with  most  available 
options  (including  $941  for  an  off-board  charger,  $1,959  for  an  extra 
set  of  batteries).  Since  only  9 vans  were  supplied  with  both  an  off- 
board  charger  and  an  extra  set  of  batteries  (while  nobody  bought  an 
extra  set  of  batteries  alone,  and  only  one  van  was  bought  with  off-board 
charger  alone),  the  actual  purchase  price  for  at  least  90%  of  the  vans 
varied  only  from  $10,000  to  about  $10,850.  As  a basis  for  the  estimated 
life  cycle  cost  we  have  chosen  to  use  the  1977  list  price  for  a Standard 
model,  as  quoted  by  the  Battronic  Truck  Corporation:  $10,834. 


From  the  EVC  analysis  (Ed  Campbell,  reference  5-1)  of  the 
repair  costs  of  the  Minivan  during  the  first  year  of  use,  it  can  be 
calculated  that  the  average  repair  cost  per  failure  card  (based  on  285 
failure  cards)  is  $44,51  (including  labor).  Since  this  figure  includes 
?n???\^nc^ence  a rePlacenient  of  the  main  battery  pack  (at  a cost 
r > * and  since  the  number  of  actual  failures  reported  on  the 

285  failure  cards  is  263  (as  indicated  earlier  in  this  chapter)  it 
seemed  relevant  to  do  a revised  calculation  of  the  average  repair  cost. 
This  results  in  a new  average  repair  cost  per  failure  (excluding  replace- 
ment costs  of  the  main  battery)  of  $38.7  per  year.  Considering  the 
relative  insignificance  of  this  figure,  when  compared  to  the  purchase 
price  and  battery  replacement  costs,  we  have  not  attempted  to  analyze 
the  repair  costs  for  the  second  year  of  use  (1976-1977), 
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The  repair  costs  per  van  are  estimated  to  be  about  $150  per 
year,  which  includes  about  $110  for  parts  (on  top  of  the  average  annual 
repair  cost  under  warranty,  as  mentioned  above). 

The  direct  operating  cost,  or  cost  of  electricity  consumed, 
has  been  estimated  for  the  minivan;  assuming  a performance  of  1.5  kWh/mi, 
an  electricity  cost  of  3c/kHh»  and  an  annual  range  (use)  of  5000  mi. 

This  gives  a direct  operating  cost  of  $225/yr/van. 

The  maintenance  cost  information  on  the  EVC  data  cards 
seems  generally  unreliable.  Some  cost  figures  contain  repair  costs; 
some  include  labor  and  some  do  not.  "But  more  often  there  has  been 
no  maintenance  costs  reported  at  all.  A rough  estimate  would  be  more 
relevant  here.  The  low  estimate  consists  of  the  following  maintenance 
routine:  1/2  hr/wk  + 3 hr  every  3 mo  = 38  hr/yr.  The  high  estimate 

is:  1/2  hr/day  + 4 hr  every  3 mo  - 116  hr/yr.  Assuming  a cost  of 

$10 /hr,  this  gives  a range  of  about  $400  to  $1200  for  the  routine  main- 
tenance/yr/van. 

The  most  substantial  part  of  the  operating  cost  seems  to  be 
the  battery  replacement  cost.  To  date  10-15  vans  have  had  to  replace 
the  two  main  battery  packs,  at  a price  of  about  $3000  (1977)  a set. 

From  the  few  cases,  where  we  have  obtained  the  data  and  the 
total  mileage  at  the  time  of  replacement,  it  has  not  been  possible  to 
establish  a reliable  measure  of  the  average  battery  life.  It  has  varied 
from  196  mi  (over  3 yr  of  "use")  to  4,608  mi  (over  1 yr  use,  about 
150  cycles).  At  the  same  time  there  are  some  vans  with  more  than 
5,000  or  6,000  miles  on  the  same  battery  pack. 

A low  estimate  of  the  annual  battery  replacement  cost  is 
$860,  assuming  a battery  life  of  700  cycles  (as  specified  by  the  manu- 
facturer) or  approximately  3-1/2  yr.  A high  estimate  is  $3000, 
assuming  a battery  life  of  only  200  cycles  or  approximately  1 yr, 
which  seems  to  be  the  average  battery  life  experienced  by  the  minivan 
users. 


Using  the  above  defined  basic  assumptions  we  have  estimated 
the  life  cycle  cost  of  the  Minivan  (for  a 10-  and  15-year  lifetime)  in 
Figure  5-21. 


5.3  SOME  INDIVIDUAL  USER  EXPERIENCES' 

As  mentioned  in  the  previous  section  (5.2),  this  section  is 
devoted  to  the  analysis  of  the  more  detailed  information,  which  has  been 
gathered  on  a few  specific  vans.  This  is  one  to  supplement  the  overall 
analysis  in  section  5.2  in  areas  where  insufficient  data  have  been 
available,  thus  attempting  to  provide  a more  comprehensive  total 
analysis. 

Besides  the  question  of  “the  availability"  of  the  Minivan 
it  was  primarily  the  following  two  aspects  of  "the  performance"  of  the 
Minivan,  that  could  gain  from  a more  detailed  description:  The  daily 

route  profile  and  kWh/mi  consumption. 
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10-Ycar  life  Time 


t5-Year  Ufe  Time 


DEPRECIATION  a 
AND  FINANCING 

2360 

2060 

REPAIR  COSTS 

ISO 

150 

OPERATING  COST 
(kWh  - CONSUMPT.) 

225 

225 

BATTERY  REPLACEMENT 
COST 

860 

3000 

860 

3000 

ROUTINE 

MAINTENANCE 

COST 

400 

1200 

400 

1200 

400 

1200 

400 

1200 

APPROXIMATE 
SUM  PER  YEAR  (5) 

4000 

4800 

6150 

6950 

3700 

4500 

5850 

6650 

COST  PER  MILE  ($) 

■ 

0.96 

1.23 

1.39 

0.74 

0.90 

1.17 

1.33 

aAuumlng  on  "after  lax  rale  of  tnlerejl"  (tc)  ° 0.03,  and  a "fixed  charge  rale"  (FRC)  « 
0.2180  (10-yr  life),  and  0,1069  (IS^yr  life) 


Figure  5-21,  Life  Cycle  Cost  Estimates  for  the  Battronic  Minivan 
In  1977  $ per  Year. 
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5#3.1  Daily  Route  Profiles 

, To  supplement  the  data  from  Figure  5-20  (showing  the 

average,  maximum,  and  minimum  daily  mileage  for  17  different  vans),  the 
route  profiles  of  5 of  these  vans  used  in  6 different  educations 
have  been  plotted  in  the  histograms  in  Figure  5-22.  All  that  is  con- 
cluded from  these  histograms  is  basically  that  it  actually  has  been 
possible  to  use  the  minivans  on  such  routes,  on  a continuous  basis. 

5.3.2  kWh/Mi  Consumption 

The  kWh/mi  consumption  versus  the  miles  traveled  on  a charge 
is  shown  in  figure  5-23  for  the  same  six  applications. 


5.3.3  Availability 

The  availability  of  the  vehicle  in  the  same  six  examples 
of  regular  use  is  indicated  in  Figure  5-24.  The  top  curve  represents 
the  number  of  work  days  in  each  month  of  the  period  of  assignment;  and 
the  bottom  curve,  the  number  of  days  with  actual  use  (excluding 
weekends  and  holidays) . 
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fa  l 


Route  Profile  for  the  Minlvon  Uted  by  the  Omolm  Public  Power  fd) 
Oiiiricl,  Orroho,  Nebatfco  (Fim  Set  of  Botleriet) 


Route  Profile  for  One  of  the  Minivont  (#92)  Ujed  by  Souther 
Californio  Editan,  Huntington  Port,  Colifornio 


(b)  Route  Profile  for  the  Minlvon  Lfted  by  the  Omaha  Public  Power 
Ohtffqt,  Omoho,  Nebraika  (Second  Set  of  Baileriei) 


(o)  Route  Profile  for  One  of  the  Minivont  (f93)  Uted  hy  Southern 
Callfoinio  Edison,  Huntington  Pork,  California 


fe)  Rout*  IVofile  for  the  Minivan  Uted  by  the  United  (f)  Roule  ftofile  for  One  of  the  Minivont  (*95)  Uted  by  Soulhetn 

Illuminating  Cotrpcn,,  New  Haven,  Connecticut  Californio  Editon,  Hun'*  „io.i  Pork,  California 


Figure  5-22,  Route  Profiles  for  Five  Minivans  Used  in 
Six  Different  Applications 
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10  20  30  <0 

Ml/Chorge 

(o)  kWh/m!  per  Charge  vi  mltei  per  chorge  (day) 

The  Omaha  Public  Power  Dliirlct  Minivan  (FIrtt  Battery  Pack) 


10  20  30 

Ml/Day  or  Charge 

(d)  kWh/mt  per  Charge  v>  mi  lei  per  chorge  (day) . 
The  Soulhem  California  Edlion  Minivan  (*92). 


) 10  20  30  4t 

Ml/Charge 

(b)  kWh/ml  per  Charge  vi  mllei  per  chorge  (day) 
The  Omaha  Public  Power  Dliirlct  Minivan 
(Second  Battery  Pack) 


20  30 

MI  Do/  o»  Chorge 
(«)  kWh/ml  per  Charge  vi  mi  per  Chorge  (day) . 
The  Soulhem  Californio  Editon  Minivon  ('931 . 


20 

Ml'Day  or  Charge 

(e)  VW  h/mi  per  Chorge  v»  ml  per  Charge  (day) 
The  United  Illuminating  Co.  Mintvon 


Mt,  Charge 

(1)  kWh/mt  per  Charge  v»  mi  per  Charge  (day) . 
The  Southern  Californio  Editon  Minivon  (*93). 


Figure  5-23.  Daily  kWh/rai  Consumption  for  Five  Minivans 
Used  in  Six  Different  Applications 
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(oj  56%  me  (min.  availability)  (b)  75%  gje  (min.  availability) 

{THE  OMAHA  PUBLIC  POWER  DISTRICT  MINIVAN) 


(c)  53%  use  (min.  availability) 

{THE  UNITED  ILLUMINATING  CO.  MINIVAN) 


1975 


(d)  67%  utt  (min.  availability) 
(SCC  van  *92) 


(»)  98%  uie  $ttln.  availability) 
(SCEvan  *93) 


{THE  THREE  SOUTHERN  CALIFORNIA  EDISON  MINIVANS) 


(f)  88%  uie  (min.  availability) 
(SCE  von  *95' 


Figure  5-24*  Availability*  Six  Examples  of  Regular  Use  Period&, 
With  Five  Vans  [parts  (a)  through  (f)] 


* 
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CHAPTER  6 


CITICAR  USERS 


The  Citicar  is  manufactured  by  Sebring  Vanguard  Inc. , 
Sebring,  Florida,  the  largest  manufacturer  of  electric  vehicles  in  the 
U.S.,  having  produced  over  2000  to  date.  Vehicle  registration  records 
from  the  39  states  that  make  such  records  available  indicate  that 
approximately  1500  Citicars  are  in  the  possession  of  actual  users 
(registered  owners).  The  majority  of  these  owners  are  individuals  who 
purchased  the  Citicar  for  use  as  a second  private  automobile.  No  sig- 
nificant fleets  of  Citicars  were  identified. 

The  Citicar  is  smaller  and  lighter  than  American  subcompact 
IC  engine  cars.  It  provides  space  for  two  passengers  and  some  baggage. 
The  flat  exterior  surfaces  result  in  a box-like  styling  treatment.  The 
basic  description  is  summarized  in  Table  6-1. 

The  Citicar  was  tested  twice  by  Consumers  Union  and  the 
results  reported  in  October  1975  and  October  1976  issues  of  Consumer's 
Reports.  The  car  was  judged  unacceptable  in  both  cases,  mainly  because 
of  safety  considerations. 


6.1  CITICAR  OWNERS  SURVEY 

The  Citicar  accounts  for  the  majority  of  vehicles  registered 
as  electric  automobiles  in  the  United  States.  The  Citicar  accounted  for 
94.7  % of  the  508  vehicles  included  in  registration  data  used  as  the 
basis  for  the  mail  survey  of  electric  automobile  owners.  Returns  were 
received  from  over  43%  of  the  recipients,  permitting  some  meaningful 
statistical  conclusions.  This  Section  discusses  these  conclusions  and 
Figure  6-2  consists  of  bar  charts  of  these  data  providing  an  overview 
of  the  results.  Returns  came  from  recipients  in  all  states  where 
surveys  were  sent  in  a similar  proportion  to  the  average  returns. 

Figure  3-1  in  the  Approach  and  Conduct  of  Survey  Chapter  basically 
depicts  Citicar  return  distribution,  since  these  constitute  95%  of  total 
returns . 

From  December  1975  through  December  1976  78%  of  the  vehicles  were  pur- 
chased and  the  majority  during  the  summer  months  of  1976.  The  average 
data  represents  about  1 yr  of  driving  for  all  cars  with  a median  mile- 
age between  2500  and  3000  mi. 

The  following  observations  are  supported  by  bar  charts: 

(1)  Three-quarters  of  the  cars  indicated  under  3500  mi 
on  the  odometer,  although  9 had  odometer  readings 
between  8000  and  16,000  mi. 

(2)  The  3 largest  daily  usage  ranges  (58%)  were  between 
6 and  20  mi  per  day. 
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Table  6-1.  Vehicle  Characteristics 


Passenger 

Sebring-Vanguard,  Inc. 

Approx,  $3000 

63  in.  (160  cm) 

95  in.  (241  cm) 

55  in.  (140  cm) 

58  in.  (147  cm) 

1250  lbs  (567  kg) 

2 

3 3 

12  ft  (0.34  m ) baggage  area 


Type  of  vehicle 

Manufacturer 

Purchase  price 

Dimensions 

Wheelbase 

Length 

Width 

Height 

Curb  weight 

Number  of  passengers 

Payload 

Traction  batteries 
Type 

Manufacturer 

Number 

Total  voltage  (V) 

Total  weight 

Charger 

Type 

Line  voltage  (V) 
power  source  for  accessories 
Motor 
Type 

Power  rating 
Controller 
Type 

Transmission 

Tires 

Type 

Size 

Brakes 


Lead  Acid 

ESB  Incorporated 

8 

48 

NA 


On  board 
110 

Tapped  off  of  traction  battery 


DC  Series 
3.5  hp  (2611  W) 


Voltage  switching 
Direct  drive 


NA 

4.80-12  4 ply 

Hydraulic,  front  disc,  rear  drum 
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Figure  6-1.  Sebring- Vanguard  Cl t tear 
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NUMBER  OF  VEHICLES  AVERAGE  MILES  IX  ICO) 


AVERAGE  MILEAGE  vs  NUMBER  OF  MONTHS  OWNED 
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MEETS  BUY 
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Figure  6-2,  Survey  Responses  (Citicar  Users) 
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NUMBER  OR  RESPONSES  < NUMBER  OF  OWNERS 


VEHICLE  MAINTENANCE 
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Figure  6-2.  Survey  Responses  (Citicar  Users) 
(Continuation  1) 
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Figure  6-2.  Survey  Responses  (Citicar  Users) 
(Continuation  2) 


(3)  longest  trip  distances  varied;  however  most  owners 
indicated  a range  between  20  and  45  mi. 

(4)  The  primary  uses  of  the  vehicles  were  shopping  and 
errands  and  daily  commuting. 

(5)  On  180  different  occasions  64  users  could  not  complete 
a .planned  trip.  Most  users  indicating  more  than  one 
incomplete  trip  had  more  than  two  incompletes  which- 

* could  have  resulted  from  a specific  mechanical  or 
electrical  problem. 

(6)  Battery  charging  time  averaged  7 hr  per  charge  5 to 

8 times  per  week.  Very  few  users  found  it  convenient 
to  recharge  their  batteries  at  work. 

(7)  About  half  of  the  vehicles  were  garaged  regularly, 
however,  over  half  the  survey  returns  were  from  states 
with  mild  weather  conditions  (i.e.,  California, 
Florida,  Arizona,  etc.). 

(8)  Loss  of  power  at  temperatures  below  50°F  was  noted  by 
38%  of  the  returns.  About  10%  said  they  lost  power  at 
temperatures  over  90°F, 

(9)  Their  vehicles  were  inoperable  for  3 days  or  more  on 
211  different  occasions  106  owners  reported.  Most  of 
the  multiple  occasions  were  accounted  for  by  less 
than  one-fourth  of  the  vehicles.  Comments  indicated  a 
large  number  or  controller  and  fuse  problems. 

(10)  Unsatisfactory  operation  in  bad  weather,  particularly 
rain,  was  one  of  the  primary  complaints  of  Citicar 
owners,  however,  only  30%  did  not  use  their  cars 
under  these  conditions. 

(11)  A total  of  57  batteries  was  replaced  under  warranty  on 
32  occasions  and  88  were  replaced  after  the  warranty 
expired  on  30  occasions,  as  reported  by  45  vehicle 
owners.  Only  16  of  the  battery  replacements  involved 
the  accessory  battery. 

(12)  Other  reported  mechanical  problems  were: 


Problem 

No.  of  Times 

Average  Times  per  Vehicle 

Fuses 

255 

2.9 

Brakes 

133 

2.0 

Charger 

60 

1.8 

Controller 

58 

1.6 

Motor 

58 

1.3 
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(13)  An  average  operating  cost  of  1.6  cents  per  mile  was 
reported  by  53  owners  who  provided  reasonable  cost- 
justification  methodology.  This  cost  consisted 
almost  entirely  of  electricity  co.?t  and  did  not 
include  maintenance  or  battery  replacement  costs. 

(14)  Most  owners  operated  their  cars  during  high  and  low 
temperature  conditions  and  in  rain,  but  most  did  not 
use  them  in  snow  and  ice. 

(15)  Over  half  of  the  recipients  maintained  their  own 
vehicles  and  found  them  easier  to  maintain  than  con- 
ventional cars;  however,  most  found  parts  harder  to 
obtain. 

(16)  The  primary  drivers  were  generally  male  and  the  ages 
were  evenly  distributed  from  25  through  the  over-55 
range, 

(17)  Vehicles  were  primarily  used  in  the  city  and  suburbs 
with  only  a 16%  usage  reported  in  rural  areas. 

(18)  The  cars  met  the  users  needs  in  79%  of  the  cases  and 
96%  would  buy  another  electric  if  the  vehicles  were 
improved  as  they  suggested. 

Following  is  a list  of  the  most  frequent  suggested 
improvements : 

• Increased  top  speed;  some  states  will  not  license 
because  of  inadequate  speed 

• Greater  range  and  better  performance  on  h'ills 

• Extended  battery  life 

• Improved  ride  and  the  need  for  good  suspension,  wheels 
and  tires 

• Improved  brakes 

0 Better  workmanship,  conventional  windows,  door 

improvement 

• Less  noise 

0 Smooth  speed  control 

0 More  interior  room  and  passenger  comfort 

0 Improved  heater  and  defroster 


6-8 


6.2 


JOHN  HOKE  EXPERIENCE 


The  Hoke  Citicar  is  a privately  owned  electric  vehicle  used 
for  both  personal,  and  business  purposes.  The  owner,  John  Hoke,  is  an 
employee  of  the  National  Park  Service,  stationed  in  Washington,  D.C. 

Mr.  Hoke  is  reimbursed  on  a mileage  basis  for  the  business  use  of  his 
vehicle,  e.g.,  trips  to  and  from  various  locations  within  the  National 
Capital  Parks  as  well  as  destinations  outside  the  Park. 

A method  of  charging  the  vehicle  at  the  various  sites  in 
the  Park  was  established  to  extend  the  range  and  improve  the  battery 
life.  A watt-hour  meter  was  installed  in  the  vehicle  to  determine  the 
amount  of  Park  Service  electrical  power  used  for  recharging.  This 
enabled  Mr.  Hoke  to  establish  a system  for  deducting  the  cost  of 
recharge  power  from  his  business  mileage  reimbursement.  The  meter 
also  allowed  him  to  record  the  amount  of  recharge  power  used  at  his 
residence.  Mr.  Hoke's  energy  consumption  and  mileage  records  provide 
a valuable  source  of  operational  electric  vehicle  data. 


6.2.1  Type  of  Use 

The  daily  trips,  typically,  originated  at  the  owner's  home, 
from  there  to  a point  at  the  Park,  one  or  two  trips  to  other  points  in 
the  Park,  and  the  return  trip  to  his  residence.  Other  side  trips  were 
often  made  in  combination  with  the  return  trip.  The  round-trip  dis- 
tance from  the  residence  to  the  Park  was  approximately  11.4  mi.  The 
total  daily  mileage  ranged  from  14.1  to  58.5  mi.  Charging  of  the 
vehicle  was  done  at  various  points  in  the  Park  as  well  as  at  the 
residence. 


6.2.2  Mileage  and  Energy  Consumption 

Table  6-2  shows  the  mileage  and  electricity  consumption  for 
each  month  from  December  1975  through  February  1977,  inclusive. 

January  1977  was  not  included  because  the  vehicle  was  out  of  service 
then.  The  mileage  and  kilowatts  of  electricity  used  are  segregated 
into  government  and  nongovernment  use  columns.  The  government  use  is 
that  for  which  Mr.  Hoke  was  reimbursed.  The  nongovernment  use  covers 
his  private  use  of  the  veiiicle  which  consists  primarily  of  his  com- 
mute to  work.  The  kilowatt  hours  per  mile  and  kilowatt  hours  per  kil- 
ometer are  tabulated  in  the  two  right-hand  columns  of  Table  6-2. 

Starting  in  January  1976,  steps  were  taken  to  prevent  over- 
charging and  the  associated  loss  of  energy.  The  overnight  charging  at 
the  Hoke  residence  was  limited  because  it  was  thought  that  overcharging 
was  occurring.  The  nongovernment  kilowatt  hour  per  mile  were  signifi- 
cantly lowered  in  January,  0.308  to  0.240,  and  further  reduced  in 
February  to  0.220.  Table  6-3  shows  the  total  miles  and  total  charging 
power  used  for  each  month.  The  kilowatt  hours  per  mile  were  reduced 
progressively  during  January,  0.296  to  0.291;  February,  0.282;  and 
March,  0.263,  during  the  period  of  more  careful  charging  practices. 
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Table  6-2,  Mileage  and  Electricity  Consumption 
Government/Non-Government  Use 


■■  ■ . 

Mi 

M? 

kWh /ml 

kWh/kra 

Gov't 

Non  - 
Gov't 

Gov't 

Non 

Gov't 

Cov't 

Non 

Cov't 

Gov't 

Non 

Gov't 

Dec.  1975 

245.8 

216.9 

70,2 

66.8 

0.286 

0.308 

0.178 

0.191 

Took  scops  to  prevent  overcharging 

Jan.  1976 

264.8 

189.7 

86.75 

45.5 

0.328 

0.240 

0.204 

0.127 

Feb. 

268.8 

241.8 

90.5 

53.25 

0.337 

0.220 

0.209 

0.137 

Har. 

309.5 

375.4 

70.25 

109.75 

0.227 

0.292 

0.141 

0.181 

Took  steps  to  improve  driving  habits 

i for  economy 

Apr. 

294.5 

297.1 

75.25 

62.25 

0.256 

0.210 

0.159 

0.135 

May 

236.7 

347.7 

74.5 

118.75 

0.315 

0.341 

0.196 

0.212 

Jun. 

344.8 

341.8 

100.0 

138.5 

0.290 

0.405 

0.180 

0.252 

Jul. 

394.4 

297.3 

112.75 

110.0 

0.286 

0.370 

0.178 

0.230 

Aug. 

202.7 

250.7 

83.75 

118.5 

0.413 

0.473 

0.257 

0.294 

Sep. 

219.8 

241.3 

78.75 

92.75 

0.358 

0.384 

0.222 

0.239 

Oct. 

241.2 

271,7 

92.5 

134.5 

0.383 

0.495 

0.238 

0.308 

Nov. 

215.7 

220.0 

94.75 

113.25 

0.439 

0.515 

0.273 

0.320 

Dec. 

77.5 

101.0 

24.25 

61.25 

0.313 

0.606 

0.195 

0.377 

Feb.  1977 

165.5 

107.5 

51.5 

34.75 

0.311 

0.323 

0.193 

0.195 

During  April  steps  were  taken  to  improve  driving  habits  to 
conserve  energy.  One  technique  used  was  to  coast,  when  approaching  a 
red  light,  as  much  as  possible  to  reduce  the  energy  lost  through  braking. 
Another  technique  was  to  use  braking  to  slow  down  for  a red  light  that 
was  expected  to  change  to  green  momentarily.  This  was  done  to  prevent 
coming  to  a stop  and  having  to  accelerate  from  zero  up  to  the  desired 
speed.  These  and  other  similar  techniques  were  used  only  when  they  did 
not  interfere  with  the  normal  traffic  flow.  As  shown  in  Table  6-3  the 
kilowatt  hours  per  mile  dropped  from  0.263  in  March  to  0.232  in  April, 
The  total  energy  consumption  per  mile  for  April  is  lower  than  for  any 
other  reporting  period, 

6.2.3  Reliability 

Table  6-4  lists  the  recorded  failures  and  the  associated 
date  for  each  during  December  1975  through  February  1977,  inclusive. 
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Table  6-3.  Mileage  and  Electricity  Consumption  Total 


Total  mi 

Total  kW 

kWli/mi 

kWh/kra 

Dec.  1975 

462.7 

137.0 

0.296 

0.184 

Took  steps 

to  prevent  overcharging 

Jan.  1976 

454.5 

132.25 

0.291 

0.181 

Feb. 

510.6 

143.75 

0.282 

0.175 

Mar. 

684.9 

180.0 

0.263 

0.163 

Took  steps  to  improve  driving  habits 

for  economy 

Apr. 

591.6 

137.5 

0.232 

0.144 

May 

584.4 

193.25 

0.331 

0.206 

Jun. 

686.6 

238.5 

0.347 

0.216 

Jul. 

691.7 

222.75 

0.322 

0.200 

Aug. 

453.4 

202.25 

0.446 

0.277 

Sep. 

461.1 

171.5 

0.372 

0.231 

Oct. 

512.9 

227.0 

0.443 

0.275 

Nov. 

435.7 

208.0 

0.477 

0.297 

Dec. 

178.5 

85.5 

0.479 

0.298 

Feb.  1977 

273.0 

86.25 

0.316 

0.196 
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Table  6-4.  Recorded  Failures  and  Associated  Data 


1976 

Failure 

Comment 

Jan*  8 

Axle  case  broke 

Out  of  service  6 days 

Jan.  29 

Brakes  seizing 

Feb.  17 

Brakes  serviced 

Apr.  12 

Charger  clock  stuck 

Apr.  15 

Speedometer  cable  broke 

Apr.  28 

Charger  clock  stuck 

May  26 

Speedometer  cable  broke 

June  4 

Speedometer  cable  broke 

June  23 

Charger  clock  stuck 

• 

June  26 

Motor  brushes  quit 

Out  of  service  2 days 

Aug.  26 

Speedometer  cable  broke 

Nov.  10 

Axle  case  broke 

Out  of  service  6 days 

Dec.  15 

Axle  case  broke 

Out  of  service  until 
February  19,  1977 
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CHAPTER  7 


OTHER  VEHICLES  AND  USERS 


In  Che  previous  chapters  we  have  analyzed  the  experience  of 
the  three  major  on-road  electric  vehicle  user  groups  in  the  USA:  The 

U.S.  Postal  Service  (Harbilt  Vans  and  AMG  DJ-5E  Jeeps),  the  Battronic 
Minivan  users,  and  the  Citicar  users.  This  chapter  is  meant  to  supple- 
ment this  analysis  with  the  user  experience  of  other  vehicles  anJ  users 
covered  by  the  In-Use  Survev.  The  vehicles  involved  include  seven  pro- 
duction vehicles  in  addition  to  those  of  the  major  user  groups,  plus 
homebuilt  vehicles. 


7.1  HOMEBUILT  ELECTRIC  VEHICLES 

Many  electric  cars  have  been  made  by  private  individuals. 

Most  of  these  have  been  conversions  of  gasoline  cars  into  electric. 

Some  were  built  using  a standard  gasoline  vehicle  chassis  and  running 
gear  with  a customized  body.  A few  were  built  essentially  from  the 
ground  up. 

Although  these  cars  do  not  meet  the  "more  than  one  of  a 
kind"  criteria  for  this  report  they  do  represent  a fairly  large  group  of 
operating  vehicles.  Two  were  chosen  as  being  fairly  typical  and  descrip- 
tions of  each  are  given  in  Table  7-1.  The  primary  use  of  the  J.R. 

Diincun  vehicle  described  in  Table  7-1  is  to  commute  to  work,  a round 
trip  of  32  mi  (51  km).  The  table  also  shows  the  description  of  a vehi- 
cle made  by  G.  L.  Rozzi.  The  use  of  most  homebuilt  vehicles  is  to 
commute  *to  work,  or  school,  but  some  a"e  used  for  miscellaneous  trips 
such  as  shopping  or  combinations  of  these  use  purposes.  Some  of  the 
homebuilt  vehicles  are  used  primarily  as  test  beds  for  experimentation 
with  components. 

Fabricators  of  homebuilt  EVs  are  generally  strong  enthu- 
siasts for  electric  vehicles.  Many  have  formed  clubs  such  as  the 
Electric  Auto  Association,  headquartered  in  the  San  Francisco  Bay  area. 
Many  of  the  homebuilt  vehicles  are  remarkably  ingenious  products.  Most 
builders  have  kept  cost3  low  by  procuring  used  or  surplus  components, 
particularly  motors  and  battei^es,  and  even  fabricating  some  parts, 
including  controllers.  Many  of  the  homebuilt  EVs  have  logged  thousands 
of  miles  of  actual  use.  Homebuilt  owners  are  generally  quite  willing  to 
provide  information  on  their  vehicles,  but  few  seem  to  keep  detailed 
records  of  use  experience  other  than  energy  consumption.  Use  experience 
of  homebuilts  is  often  distorted  by  intermittent  modifications  and 
tinkering  by  the  builder.  However,  homebuilts  might  provide  significant 
information  if  the  problems  of  identification,  collection  of  data,  and 
interpretation  or  assimilation  could  be  overcome. 
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Table  7-1.  Vehicle  Characteristics  (Sample  Homebuilt  Vehicles) 


J.  R.  Duncan 
Electric  Vehicle 

G.  L.  Rozzi 
Electric  Vehicle 

Type  of  Vehicle 

2-passenger  car 

2-passenger  car 

Manufacturer 

Chassis  - VW 
Body  - Custom  made 
Fiberglass 

Renault  (Caravelle 
1960) 

Purchase  price 

$2000 

$250  (chassis  only) 

Purchase  date 

1970 

02/01/73 

Dimensions 

Wheelbase 

94.5  in.  (240  cm) 

89.4  in.  (227  cm) 

Length 

160  in.  (406  cm) 

167.9  in.  (426  cm) 

Width 

60  in.  (152  cm) 

62  in.  (157  cm) 

Height 

50  in.  (127  cm) 

52.8  in.  (134  cm) 

Curb  weight 

2080  lb  (943  kg) 

2200  lb  (998  kg) 

Payload 

N/A 

N/A 

Traction  Batteries 

Type 

Lead  acid 

Lead  acid 

Manufacturer 

Dynapower 

Amp  King 

Number 

12 

12 

Total  voltage  (V) 

72 

72V 

Total  weight 

800  lb  (363  kg) 

840  lb  (381  kg) 

Energy  capacity 

220  A-hr  at  20-hr  rate 

217  A-hr  at  20-hr  rate 

Power  source  for  Acces- 

2-12  V motorcycle 

12  V from  traction 

sories 

batteries 

batteries 

Motor 

Type 

Series  (converted 
generator) 

Aircraft  starter/ 
generator 

Manufacturer 

Jack  & He in t 2 

General  Electric 

Model 

G-29 

2 CM  77 

Power  rating 

7460  W (10  hp) 

7460  W (10  hp) 

Controller 

Contractor,  resis- 
tance switching 

Contractor,  voltage 
switching 

Transmission 

4-speed  manual 

4-speed  manual 

Tires 

Typo 

Radial 

N/A 

Size 

15-in. 

145-15 

Brahes 

Hydraulic,  drum 

N/A 
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VW  Dune  Buggy  - Paul  Howes  Nash  Metropolitan  - Keith  Krock 


Modified  VW  - Darrell  McKibbins 


Electric  Pickup  - Gene  French  Renault  - Gil  Rozzl 

Figure  7-1.  A Sampling  of  Homebuilt  Electric  Vehicles 
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••  --7  ,2 • ELCAR  USERS  " 

The  Elcar  Is  manufactured  by  Zagato  International  of  Italy 
and  distributed  in  the  United  States  by  the  Elcar  Corporation,  Elkhart, 
Indiana.  The  Elcar,  along  with  the  Citlcar,  are  the  only  two  on-road 
electric  vehicles  in. the  U.S*  that  are  stocked  by  the  dealers. 

Elcar  offers  the  model  1000  and  model  2000  passenger  vehi*- 
cles.  The  model  2000  has  a more  powerful  motor,  which  provides  a higher 
top  speed  but  shorter  range*  The  Elcar  is  smaller  than  the  American 
subcompact  gasoline  cars.  It  provides  space  for  two  passengers  and 
some  baggage.  The  rather  flat  exterior  surfaces  result  in  a boxy 
appearance.  The  basic  description  is  summarized  in  Table  7-2. 

The  Elcar  was  tested  by  Consumers  Union  and  reported  on  in 
October  1975*  The  car  was  judged  unacceptable  mainly  because  of  safety 
considerations. 


7*2.1  Elcar  Owners  Survey 

Twenty-seven  Elcar  electric  vehicles  were  included  in  the 
list  of  506  registered  electric  vehicles  obtained  from  R.  L.  Polk  and 
Company.  Returns  were  received  from  eleven  (or  41%)  of  these  owners. 
The  geographical  distribution  of  questionnaires  and  returns  is  shown  in 
Figure  7-3.  Although  eleven  completed  questionnaires  are  not  adequate 
for  any  meaningful  statistical  conclusions,  these  observations  were 
made: 

(1)  Three,  vehicles  were  purchased  in  1975,  six  in  1976  and 
two  in  1977. 

(2)  The  Delco  Remy  Division  of  General  Motors  and  the 
Marshall  Oil  Company  each  purchased  an  Elcar  (and 
Citicar)  for  electric  vehicle  research,  development 
and  testing* 

(3)  Three  vehicles  had  traveled  1000  mi  or  less,  8 between 
1000  and  2000  mi,  and  2 around  5000  mi. 

(4)  Almost  all  the  users  said  they  used  the  car  for  plea- 
sure and  half  used  it  for  commuting  to  worfc. 

(5)  The  average  battery  charging  time  was  5 hr  and  the 
frequency  from  five  to  seven  times  a week. 

* 

(6)  The  maximum  vehicle  ranges  were  from  25  to  40  mi  per 

~ charge. 

(7)  Loss  of  power  below  32° F was  noted  by  six  of  the 
eleven  returns  and  most  did  not  wish  to  use  the  car 
in  snow  or  ice. 
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Tabic  7-2.  Vehicle  Characteristics 
(The  Elcar) 


Type  of  vehicle 

2-passenger  car 

Manufacturer 

Zagato  International,  Italy 

U.S.  distributer 

Elcar  Corp.,  Elkhart,  Indiana 

Purchase  price 

Approx.  $3500 

Dimensions 

Wheelbase 

51  in.  (130  era) 

Length 

84  in.  (213  cm) 

Width 

53  in.  (135  cm) 

Height 

63.5  in.  (161  cm) 

Curb  weight 

1091  lb  (495  kg) 

Payload 

Baggage  area  (undefined) 

Traction  batteries 

Type 

Lead-acid 

Manufacturer 

NA 

Number 

8 

Total  voltage 

(V) 

48 

Total  weight 

NA 

Charger 

Type 

Separate  unit 

Line  voltage, 

V 

110 

Power  source  for  accessories 

NA 

Motor 

Type 

Direct  current 

Power  rating 

2014  W (2.7  hp),  Elcar  2000 
1492  W (2.0  hp),  Elcar  1000 

Controller 

Type 

Voltage  switching 

Transmission 

Direct  drive 

Tires 

Type 

Radial  ply 

Size 

145/10 

Brakes 

Hydraulic,  drum,  4-wheel 
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TYPICAL? 

CALIFORNIA  2 « NUMBER  OF  SURVEYS  SENT 
I -NUMBER OF  RETURNS 


125°  120°  115°  110°  105°  100°  95°  90°  85°  80°  75°  70° 


W///A  NO  CITICARS  OR  ELCARS 
f -r  Z I INFORMATION  NOT  AVAILABLE 

Figure  7-3.  Elcar  Survey  Distribution 
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(8)  Maintenance  problems  were  few  and  battery  replacement 
low.  Only  a few  were  out  of  service  for  more  chan 
three  days.  Problems  encountered  included  fuses, 
brakes,  controllers,  chargers,  and  motors. 

(9)  Maintenance  was  mostly  performed  by  owners  who  found 
it  easier  than  conventional  car  maintenance,  although 
the  parts  were  generally  more  difficult  to  obtain. 

(10)  Male  drivers  predominated  the  returns  and  the  age 
spread  was  from  25  to  65  years. 

(11)  Most  owners  found  that  the  Elcar  satisfied  their  needs 
and  would  purchase  another  if  improvements  could  be 
made  in  range  and  comfort. 


7.2.2  The  Fermi  National  Accelerator  Laboratory 


The  Fermi  National  Accelerator  Laboratory  in  Batavia, 
Illinois,  has  six  Blears*  Five  of  them  were  bought  and  delivered  in 
December  1975,  and  the  last  one  in  December  1976.  All  have  been  used 
for  personne^transportation,  mostly  within  the  boundary  of  the  labora- 
tory, a 20-km  (5000  - acres),  flat,  rural  terrain.  The  average  dis- 
tance traveled  per  vehicle  was  2575  km  (1600  mi)  and  the  maximum  dis- 
tance traveled  was  3100  km  (1927  mi).  The  roufe  characteristics  were: 


Length  of  route 
Average  speed 
Stops/km 
Terrain 


1.6  to  3.2  km  (1  to  2 mi) 

15.5  to  18.6  km/hr  (25  to  30  mph) 
1.2  to  1.9  (2  to  3/nti) 
nearly  level,  paved  roads 


It  was  difficult  to  keep  these  cars  in  service  because  of 
breakdowns  and  poor  availability  of  parts.  Some  effort  is  being 
expended  to  make  design  changes  for  increased  reliability.  Newly 
designed  axles  and  a substitute  controller  are  under  consideration.  A 
summary  of  failures  for  two  of  the  fleet  cars  is  shown  by  Table  7-3. 


7.2.3  The  Central  Parking  District,  City  of  Stockton 

Three  Elcars  (model  lpOO)  were  purchased  by  the  City  of 
Stockton,  California,  in  June  1976,  from  a local  dealer.  The  purchase 
price  was  about  half  the  list  price,  because  the  dealer  felt  that  the 
cars  had  been  sitting  too  long  in  his  showroom.  To  date,  after  about 
1 yr  of  use,  the  Elcars  have  been  driven  approximately  3000-4000  mi 
each. 
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Table  7-3.  Failure  Reports  on  Two  of  the  Fermi  Laboratory  Elears 


Date 

Failure 

Comments 

12-16-75 

Wind  blew  door  off 

Repaired 

12-17-75 

Batteries  would  not  charge 

Tripped  circuit  breaker 

01-12-76 

Smoke  came  from  motor 

02-  ?-76 

Motor  (Italian)  failed 

Replaced  motors  in  both 
..  cars  with  G.E.  model 

02-23-76 

Car  would  not  go  forward  unless 
backed  up  first 

Problem  not  found 

07-07-76 

Car  would  only  go  in  reverse 

Selector  switch  and 
micro  switch  replaced 

08-03-76 

Two  batteries  found  to  have  dead 
cells 

09-  ?-76 

Broken  axle 

Repaired  11-15-76 

11-12-76 

Right  front  wheel  bearing  failed 

Replaced  12-15-76 

02-07-77 

Two  controller  solenoids  sticking 

Replaced 

04-20-77 

Battery  failed 

Replaced 

AnnHration  and  performance.  The  Elears  are  used  for  secur- 

under  a nearby  freeway) . ^wfof  SrSlc^s  are  ?n  use  at  the  same 
ttae.5whflePStheethird'onenis  being  charged.  This  is  because  the  cars 
are  not  able  to  drive  all  day  on  a single  charge. 


The  average  speed  is  very  low  (5-10  mph) , and  the  Elears  are 

t'1ltet°reo£r  thereight^batteries . ^Th^relatively  shor^range^f  * these 
cars  seems  to  be  ctused  by  this  low-speed  driving.  Other  performance 
characteristics  have  not  been  recorded. 

Reliability.  The  downtime  caused  by  repair  work  has  been 
minimal.  Repairs  genially  are  done  in  a day  or  less  “"^k"^ce 

Vt  ^vlindr^lh;  primary1failure°modes*1haveibeen°related  to  tSe 

off-board^ charging  system,  aZ  the  brakes.  The  original  batteries  are 
still  used. 
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*ajor  nuisance  ^rinr^etin'ter^1""8  that  the  latfc  °f  a heat“  «»  a 

s as  nvsE  ^s^-asr^ii-sa;  ur 

able  (5  hr  and  20-25  „i/Sa“.  by  °rtly  CK°  CarS'  if  ***9  avail- 

distilled  Wafernadn?e‘ltThL"recLiirLerdee!d  feSked  Weekly’  and 
should  take  place  twice  a week  \T  d*cided  chat  such  checking 

taken  place.  k insCead*  N°  other  maintenance  work  has 

EE™  - 


7.2.4 


The  Ulbrich  Elcats 


California:  “ca"  WoZToll  E™ar  ^OO^td  Vor"^ 

z “r‘ K--’ staffs  s-,n- 

dropping  resiS1tan2=e0it„3ih^tpi^i„„!he  S"itCh  aCCiV3teS  3 v°ltage 

aS SEHF-r « ^£"^stf2ria - 

rs”;L,EH's‘“'=”s“s ' 
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Table  7-4.  E.A.  Ulbrich’s  Model  2000  Elcar 


Acceleration  Tests 

Time,  sec 

Position  1,  Position  1, 

Switch  down  Switch  Up 

0 to  10  km/hr  (0  to  6.2  mph) 

2.4 

2.7 

0 to  15  km/hr  (0  to  9.3  mph) 

4.3 

4.7 

0 to  20  km/hr  (0  to  12.4  mph) 

8.8 

8.2 

Switch 

Control 

Time 

State 

Position 

sec 

15  to  25  km/hr  (9.3  to  15.5  mph) 

Up 

, 2 

4.8 

15  to  30  kra/hr  (9.3  to  18.6  mph) 

Up 

2 

7.9 

25  to  30  km/hr  (15.5  to  18.6  mph) 

Up 

3 

2.8 

25  to  35  km/hr  (15.5  to  21.8  mph) 

Up 

3 

4.2 

25  to  40  km/hr  (15.5  to  24.9  mph) 

Up 

3 

6.5 

25  to  50  km/hr  (15.5  to  31.1  mph) 

Up 

3 

19.9 

0 to  10  km/hr  (0  to  6.2  mph) 

__ 

— — 

1.2 

0 to  20  km/hr  (0  to  12.4  mph) 

— 

— 

3.9 

0 to  30  km/hr  (0  to  18.6  mph) 

— 

— 

6.9 

0 to  40  kra/hr  (0  to  24.9  mph) 

— 

— 

9.7 

0 to  50  km/hr  (0  to  31.1  mph) 

— 

— 

15.7 

0 to  55  kra/hr  (0  to  34.2  mph) 

— 

— 

20.1 

0 to  60  km/hr  (0  to  37.3  mph) 

35.0 

Note:  All  tests  listed  above  double 

line  were  run  11- 

*30-75 

Tests  listed  below  double  line 

were  run  2-1-76 
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Table  7-5.  E.A.  Ulbrich's  Model  2000  Elcar  Failure  Summary  Report 


Odometer 

Date 

Reading,  km 

Failure  . 

Comments 

10-19-75 

194 

Burned  out  resistor 

Replaced 

10-25-75 

204 

Failed  brake  switch 

Replaced 

10-26-75 

222 

Intermittent  in  con- 

Rev.  OK  but  no 

troller 

forward  speed 

11-3-75 

279 

Brake  list  sender  failed 

Replaced 

Running  light  burned  out 

Replaced 

11-16-75 

451 

Failed  brake  switch 

Replaced  terminals 

12-14-75 

690 

Burnt-out  electric 
drive  motor 

Replaced 

1-24-76 

808 

Power  resistor  melted 
wire  insulation  starting 
fire  and  shorted  two 
wires  to  ground 

Repaired 

2-7-76 

850 

Relay  failed  (open  coil) 

Replaced 

2-11-76 

877 

Relay  failed 

3- 4-76 

4- 3-76 

1081 

Stuck  control  relay 

Blown  fuse,  relays  stuck 

Gear  failure  In  trans- 
mission 

Replaced  controller 

4-17-76 

1226 

Replaced 

5-30-76 

1288 

Stuck  relay 
Stuck  relay 

6-2-76 

1290 

Pulsed  with  high 
voltage  to  clear 

6-11-76 

1307 

Full  speed  relay  stuck 
open 

— 

11-1-76 

— 

Relays  stuck  in  on  posi- 
tion 

Replaced 

11-16-76 

— 

Short  and  smoke 

No  >low  speed  mode. 

‘ 

changed  controller 
switch  terminals 

12-7-76 

1440 

Relay  failed  closed 

Replaced  controller 

5-15-77 

1586 

Transmission  gear 
failure 

Replaced 
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CDA  VAN 


The  CDA  Electric  Van  was  developed  under  the  direction  and 
sponsorship  of  the  Copper  Development  Association.  The  van  has  been  in 
regular  use  by  the  Birmingham,  Michigan  Water  Department  for  3 yr, 
accumulating  over  20,000  mi  of  use.  Although  this  program  involves  only 
a single  electric  vehicle,  the  extensive  use  of  that  vehicle  and  certain 
key  aspects  of  the  program  make  it  significant  as  a source  of  EV  use 
experience  information.  Key  aspects  of  the  program  are: 

(1)  The  CDA  Van  is  a prototype  electric  vehicle  designed 
and  built  as  an  electric  vehicle  from  the  ground  up. 

(2)  The  use  program  was  planned  to  permit  the  electric  van 
to  be  compared  directly  with  a gasoline  van  performing 
the  same  duty. 

(3)  Use  ey~rience  of  the  CDA  Van  has  been  carefully  moni- 
tore**  \s  Copper  Development  Association. 

7.3.1  Basic  Vehi  Description.  Because  the  CDA  Van  was  designed 

and  constructed  as  an  electric  vehicle,  its  configuration  and  appearance 
are  unique.  Its  fiberglass  body  reflects  clean,  aerodynamically  effi- 
cient styling.  The  vehicle  has  front  wheel  drive  and  the  batteries  are 
located  under  the  driver's  seat  and  under  the  hood  to  provide  a barrier- 
free  cargo  area  with  a floor  level  that  is  only  11  in.  above  the  ground. 
Specific  characteristics  of  the  CDA  Van  are  presented  in  Table  7-6. 


The  CDA  Van  has  not  undergone  rigorous  performance  tests 
involving  SAE  driving  cycles.  The  only  performance  data  available  on 
the  vehicle  is  that  reported  in  a paper  ’"(Reference  7-1)  presented  by 
Don  Miner  of  the  Copper  Development  Association  at  the  Fourth  Inter- 
national Electric  Vehicle  Symposium  in  Dtisseldorf,  West  Germany  in  1976. 
These  performance  data  are  from  tests  conducted  with  a 1000  lb 
(453.6  kg)  cargo  load  and  are  summarized  as  follows: 


o 


Top  speed 

Acceleration  from  0-30  mph 

(0-48  km/hr) 


Range 

Constant  speed  of  40  mph 
(64.4  km/hr) 


Special  city  driving  cycle 
(2  stops  per  mile  and 
40  mph  between  stops) 


53  mph  (85.3  km/hr) 
14  sec 


95  mi  (152.9  km) 
53  mi  (85.3  km) 
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Table  7-6.  Vehicle. Characteristics 
(CPA  Electric  Van) 

Utility  van 


•Type  of  Vehicle 
Manufacturer 
Purchase  price 
dimensions 
Wheelbase 
Length 
Width 
Height 
Curb  weight 
Payload 

Cargo  capacity 
Traction  batteries 


An tares  Engineering 
N/A 

,150  in.  (305  cm) 

192  in.  (488  cm) 

75  in.  (191  cm) 

’ 69  in.  (175  cm) 
5100  lb  (2312  leg) 
1000  lb  (454  kg) 

175  ft3  (4.96  m3) 


Type 
Number,  . 

‘ Operating  voltage 
Total  weight 
Energy  capacity 
.Charger  »t  ,, 

Type  V'V  ... 
•v  Manufacturer 
Line  voltage 
Motor  1,1 
Type 

Manufacturer 
Power  rating 
Controller 


Transmission 


Tires 


Lead-acid,  6 V,  golf  cart 
36 

54  V,  108  V 
2340  lb  (1064  kg) 

N/A 

Off-board,  ferroresonant 
'Hobart 

220  V,  single-phase 


■p.C.  series 

General  Electric,  Model  No.  2364 
17,280  W (22  hp) 

Contractor/resistor  uses  speed  signal  for 
voltage  switching  - CDA  design 

Modified  Chrysler  Torq-Flite  without  the 
torque  converter,  drive  system  includes  two 
v Morse  Hy-Vo  chains  — one  between  motor  and 
transmission,  one' between  transmission  and 
differential 


Type 

Size 

Pressure  75  psi 


Firestone  steel-belted  redials 
LB.  78/15 
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Figure  7-4.  The  CDA  Van  Used  by  the  Birmingham 
(Michigan)  Water  Department 
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2*3.2  Application,  The  CDA  Electric  Van  has  been  on  lease  to  the 

City  of  Birmingham,  Michigan,  since  November  13,  1973.  It  has  been  in 
daily  use  by  the  Water  Meter  Department  for  providing  water  customers 
with  such  services  as  turning  water  off  or  on;  water  meter  installation, 
repair,  or  removal;  and  special  meter  reading,  This  duty  results  in 
operation  on  an  assignment-by-assignment  basis  rather  than  a fined 
route.  Daily  mileage  ranges  from  10  to  60  mi  (16  to  96  km),  averaging 
about  7000  mi  ( 11,250  km)  per  year.  The  vehicle  makes  140-160  stops 
on  a typical  day.  Both  the  electric  van,  and  an  ICE  van  (a  1972  GMC 
half-ton  utility  van,  powered  by  a 250  cu.  in.-4097  cc-engine),  are 
used  for  this  function  enabling  direct  comparison  of  experience  with 
the  two  vehicles. 

The  operating  environment,  Birmingham,  is  a suburb  of 
Detroit  with  a. population  of  approximately  26,000  and  covering  an  area 
of  4.52  mi (2)  (H.7  km(2)).  The  terrain  is  generally  flat  except  for 
the  River  Rouge  Valley,  which  runs  through  the  city  and  creates  short, 
moderate  to  steep  slopes.  The  Birmingham  Water  Department  services 
approximately  8000  customers,  predominantly  residential.  The  area  is 
subject  to  wide  temperature  variations,  95 °F  (35°C)  in  the  summer  to 
below  0°F  (-18°C)  in  winter.  Annual  snowfall  exceeds  30  in  (76  era) 
with  occasional  accumulations  of  up  to  20  in  (51  cm). 

The  CDA  Van  had  operated  a total  of  21,790  mi  at  the  time 
of  our  site  visit,  March  24,  1977.  It  was  out  of  service  at  that  time 
for  major  repairs  to  structural  damage  caused  by  salt  — a problem 
encountered  by  all  road  vehicles  in  the  Detroit  area  where  salt  is  used 
to  de-ice  roads.  Until  then  it  had  been  in  regular  use  by  the 
Birmingham  Water  Department  for  over  3 yr,  operating  on  a daily  basis 
(work-days)  in  all  weather  conditions.  The  drivers  report  that  the 
electric  van  perform*’  better  in  snow  and  ice  conditions  than  the  ICE 
van.  This  is  undoubtedly  due  to  the  CDA  Van's  front  wheel  drive  and 
the  battery  weight  on  the  front  wheels. 

7.3.3  Use  Experience.  The  use  experience  with  the  CDA  Electric 

Van  has  been  positive.  The  driver  is  pleased  with  the  vehicle  and  both 
the  user  and  sponsor  consider  this  to  be  an  appropriate  application  for 
an  electric  vehicle.  The  experience  is  supplemented  in  this  case  by 
comparison  with  the  ICE  van  performing  the  same  function. 

Operating  and  Maintenance  Strategy.  The  batteries  in  the 
CDA  Van  are  charged  in  the  vehicle  overnight  in  the  Water  Department 
garage,  in  which  both  the  electric  and  ICE  van  are  parked.  Depth  of 
discharge  varies  depending  on  the  mileage  required  by  assignments  on  a 
given  day.  The  batteries  are  removed  only  for  maintenance.  Routine 
maintenance  consists  of  battery  watering  and  a general  vehicle  check 
once  a month.  The  battery  watering  includes  checking  of  specific  grav- 
ity and  cleaning,  No  special  facilities  are  provided  for  the  electric 
van  other  than  the  off-board  charger  installed  within  the  Water  Depart- 
ment garage.  A watt-hour  meter  is  connected  to  the  input  line  to  the 
charger  and  readings  of  this  meter  and  the  vehicle  odometer  are  recorded 
each  morning.  Necessity  for  battery  replacement  is  determined  by  when 
the  vehicle  is  no  longer  able  to  perform. 
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Vehicle  Reliability.  There  have  been  no  electric  power  sys- 
tem breakdowns,  but  some  mechanical  breakdowns  which  are  attributed  to 
the  prototype  construction  of  the  vehicle.  Since  these  problems  are 
not  considered  representative  of  production  electric  vehicle  perform- 
ance by  the  CDA,  detail  records  of  failure  modes  and  repair  costs  were 
not  provided.  The  .DA  Van  is  viewed  by  the  sponsor  as  a test  bed  for 
the  electric  power  system  and  not  as  a representative  production  elec- 
tric vehicle. 

Vehicle  downtime  due  to  electric  power  system  maintenance 
has  consisted  solely  of  monthly  battery  maintenance  and  replacement. 

Some  charger  repairs  have  been  necessary,  but  a second  charger  is  kept 
available  since  charger  repairs  involve  delays  of  several  weeks.  Bat- 
tery life  so  far  has  been  only  1 yr  or  less.  This  is  unreasonably  short 
in  CDA's  view  and  various  makes  of  batteries  are  being  tried  in  an 
attempt  to  obtain  longer  life.  Some  of  the  shortened  battery  life  is 
attributed  to  charger  failures.  The  only  significant  maintenance 
problem  with  the  electric  power  system  has  been  the  excessive  time  and 
skilled  labor  required  for  battery  maintenance.  Mr.  Miner  of  the  CDA 
emphasized  the  need  for  design  improvements  in  batteries  to  reduce 
maintenance  frequency  and  complexity. 

Costs.  The  major  costs  involved  in  operation  of  the  CDA 
electric  van  have  been  due  to  battery  maintenance  and  replacement . 

Repair  costs  to  the  vehicle  have  also  been  excessive,  but  these  are 
attributed  to  its  prototype  nature.  Battery  maintenance  requires  4 hr 
per  month  of  skilled  mechanic  time.  This  cost  amounts  to  several 
hundred  dollars  per  year  and  by  itself  far  exceeds  the  $200  annual 
maintenance  cost  of  the  IC  engine  vehicle  performing  the  same  duty. 
Battery  replacement  has  been  required  yearly,  and  the  cost  of  replace- 
ment batteries  is  $1080.00.  This  alone  amounts  to  a per  mile  cost  of 
approximately  15c  ($0. 094/km).  No  initial  cost  is  given  for  this 
vehicle  because  of  its  prototype  nature. 

Fuel  costs  for  the  CDA  Electric  Van  have  compared  favorably 
with  those  for  the  ICE  van.  Fuel  consumption  and  costs  for  the  two 
vehicles  during  the  first  2 yr  of  operation  for  the  electric  van  are 
summarized  in  the  following  table,  which  has  been  extracted  from  data 
reported  in  Reference  7-1: 


Vehicle 

First  Year 

Electric  Van  1C  Van 

Second  Year 

Eleeerlc  Van  1C  Van 

Mileage 

7838 

5926 

5540 

6363 

(12,611  ka) 

(9535  ka) 

(8914  ka) 

(10,240  ka) 

Fuel 

9422  kWh 

752  gal 

5897  kWh 

836  gal 

(2846  1) 

(3164  1} 

Fuel coosuEpeion 

1.20  kWh/ni 

0.12  gal/ol 

1.06  kWh/mi 

0.13  gal/ai 

(0.7S  kWh/ka) 

(0.30  1/ka) 

0.66  kWh/ka 

(0.31  1/ka) 

Avg.  fuel  price 

$0.03/kWh 

50.26/gal 

$0.035/kVh 

50.32/g.l 

($0,067/1) 

(50.085/1) 

Avg.  fuel  cofC 

50. 036/at 

50.032/ml 

SO.C37/mt 

50. 043/ml 

(50.022/ka 

(50.020/ka) 

<50. 023/km) 

<50. 27/km) 
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The  low  price  of  gasoline  is  due  to  the  exclusion  of 
government  taxes  as  a result  of  the  tax  exempt  status  of  the  City  of 
Birmingham.  The  Improved  efficiency  of  the  electric  van  during  the 
second  year  is  attributed  to  installation  of  new  batteries  at  the  end 
of  the  first  year* 

Daily  records  of  electric  power  consumption  by  the 
electric  van  show  no  significant  Increase  in  consumption  rate  in  winter 
months.  Evidently,  the  elimination  of  cold  soaking  of  the  batteries  by 
overnight  storage  of  the  vehicle  in  a heated  garage  prevents  the  degra- 
dation  in  battery  performance  normally  observed  in  cold  weather  opera- 
tion. In  contrast,  the  fuel  consumption  rate  of  the  IC  van  increases 
almost  802  during  winter  operation  due  to  the  vehicle  being  kept  idling 
more  to  keep  it  warm.  The  electric  van  is  equipped  with  a gasoline 
heater,  but  this  consumes  only  about  1.5  gal  (5.68  1)  per  week  during  / 
cold  weather. 

The  lack  of  initial  cost  and  repair  cost  data  precludes 
computation  of  a life  cycle  cost  for  the  CDA  Electric  Van.  Battery 
replacement j battery  maintenance,  and  electricity  costs  have  averaged 
over  25c/mi  ($0. 16/km).  This  could  be  greatly  reduced  by  improvement 
in  battery  life  relative  to  the  approximate  250  charge  cycles  exper- 
ienced so  far  and  reduction  of  battery  maintenance  requirements. 


7.4  EVA  SEDANS 

The  Electric  Vehicle  Associates  (Brook  Park,  Ohio)  has  been 
converting  various  production  gasoline  cars  over  the  past  >4  yr  dur- 
ing which  about  20-25  such  conversions  have  been  sold.  The  EVA  Sedan, 
a converted  Renault  R-12,  has  been  the  main  production  item,  and  accounts 
for  about  15  cars  out  of  the  total  production.  Four  of  these  have  been 
purchased  by  ERDA  (Washington,  D.C.),  three  in  1975  and  one  in  1976; 
and  seven  by  the  Province  of  Manitoba  (Winnipeg,  Canada)  in  1975. 

The  key  performance  data,  derived  from  tests  and/or 
quoted  by  the  manufacturer,  are: 


• Top  speed  : 53-58  mph  (85-93  kph) 

» Acceleration,  0-30  mph  : 12-13  sec 

0-45  mph  : 38-39  sec 


Range,  at 

25  mph 

: 56-58 

rai 

(90-93 

km) 

at 

35  mph 

: 34-45 

mi 

(54-72 

km) 

at 

45  mph 

: 32-37 

mi 

(51-59 

km) 

at 

top  speed 

: 28-33 

mi 

(45-53 

km) 

at 

J227  "C"  cycle 

: 19-22 

mi 

(30-35 

km) 
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• Gradeabllity,  at  5%  grade 
at  10%  grade 
max.  grade 

© Energy  Economy,  sity  driving 


25  tnph  (40  kph) 

15  mph  (24  kph) 

25% 

0.50  to  0.67  kvh/mi 
(0.31-0.42  kwh/km) 


The  key  vehicle  characteristics  are  listed  in  Table  7-7 
(testing  and/or  manufacturers'  specifications  only). 


Table  7-7.  Vehicle  Characteristics 
(The  EVA  4-passenger  Sedan,  1975  Model) 


Type  of  vehicle 
Manufacturer 


Purchase  price 

Dimens Iona 

Wheelbase 

Length 

Width 

Height 

Curb  weight 
Payload 

Traction  batteries 

Type 

Number 

Operating  voltage 
Total  weight 
Energy  capacity 
Life 

Charger  (main  battery) 
Type 

Manulacturer 
Line  voltage 


Charger  (accessory  battery) 
Motor 


Type 

Manufacturer 
Power  racing 

Controller 

Transmission 

Tires 


4-passenger  sedan,  converted  Renault  12 

Electric  Vehicle  Associates,  Inc. 

(Brook  Park,  Ohio) 

$9,500  (ERDA  - 1975) 


96  in.  (244  cm) 

174  in.  (442  cm) 

64.5  in.  (164  cm) 

56.6  in.  (144  cm) 

approx.  3150  lb  (1430  kg) 
600  lb  (272  kg) 


Lead  acid  (ESB-EV106) 

16  (10  in  the  back  and  6 in  the  front) 
96  V 

1040  lb  (472  kg) 

132.5  A-hr  at  a 2-hr  rate 
About  400  cycles 


On-board 

EVA  (Battery  Marshall) 

110  Volt/20A  - 12  hr 
220  Volt/50A  - 6 hr 

On-board;  ESB  (Shure  Start) 


D.  C.  series 

Balder  Electric 

12  hp  (10  kW  at  3400  rpm) 

SCR 

Automatic  cranoaxle  with  torque 
converter 

Michelin,  radial  (155R-13) 
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7.4.1  The  Canadian  Experience 

After  2 days  of  initial  testing,  the  seven  EVA  Sedans  went 
into  service  in  January  1976.  The  cars  were  bought  by  the  Government 
of  Manitoba,  Department  of  Public  Works,  Winnipeg;  but  only  three  of 
these  have  actually  been  used  by  the  Department  itself.  Three  of  the 
other  cars  have  been  used  by  the  Manitoba  Telephone  System,  and  one  by 
the  City  of  Winnipeg.  Today,  these  last  four  EVA  Sedans  are  not 
assigned  to  regular  use  any  more  - each  of  them  having  acquired  a total 
of  about  1,000  mi. 


The  three  sedans  used  by  the  Department  of  Public  Works 
(stationed  in  the  Central  Provincial  Garage),  are  still  regularly  used 
for  departmental  trips  around  the  city  of  Winnipeg.  The  total  mileage 
acquired  today  (June  1977)  on  each  car  is:  2103,  1789  and  1400  mi. 

Even  though  the  cars  have  had  to  be  towed  back  into  the  garage  on 
several  occasions,  they  generally  seem  to  be  able  to  do  the  required 
daily  routes  (varying  from  5 to  20  mi  a day) . 


The  main  reason  for  the  relatively  low  total  mileages  has 
been  downtime  in  connection  with  failures  experienced  in  the  electric 
drive  system.  In  a summary  report  on  the  failures  and  the  related 
downtime,  made  in  December  1976  (after  almost  11  mo  "use*') , the  follow- 
ing breakdown  was  listed: 

(1)  Manitoba  Telephone  System  Downtime 

(1  vehicle)  (lost  work-days) 

Cracked  end  plate  on  electric 

motor  30 

Battery  charger  returned  to  EVA 

for  repairs  60 

Failure  in  traction  batteries  2 


Auxiliary  batteries  disassembled, 

inspected,  refilled  "Nuisance” 

downtime  4 

(2)  Manitoba  Government  Downtime 

(3  vehicles)  (lost  work-days) 


Failure  in  controller 


3 


Failure  in  SCR  control 


3 


Parts  robbed  from  third  vehicle 

to  repair  the  above  problem  35 

SCR  problems  due  to  moisture  5 
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''Nuisance"  downtime 

On  September  22,  Mr.  D.  Yanko 
arrived  from  Cleveland  to  modify 
the  charging  system.  Since  then 
the  three  units  have  been  so 
unreliable  as  not  to  be  used  on 
a daily  basis 

(3)  Winnipeg  Hydro 
(3  vehicles)  ~ 

Motor  repair  (complete  rewind) 

Batteries  (3  batteries  exploded) 

Downtime  to  determine  cause  and 
effect  corrective  action  for 
problem  above 


Downtime 
(lost  work-days) 

12 


200 

Downtime 
(lost  work-days) 

60 

30 


10 


Cracked  circuit  board 


1 


"Nuisance"  downtime  4 

Time  modifying  charging  system  5 

On  the  average,  this  means  a downtime  of  67  days  per  car,  or  a maximum 
availability  of  71%  (ranging  from  57-83%  on  each  car). 


Of  all  the  failures  experienced  with  the  EVA  Sedans  in 
Winnipeg,  the  most  disturbing  problems  have  been  related  to  the  on- 
board charger.  Even  after  several  rounds  of  repair  work,  done  under 
warranty,  it  has  not  yet  been  possible  to  charge  the  batteries  on  the 
"fast  rate"  (220  V/8  hr).  Only  the  "slow  rate"  (110  V/15  hr)  has  been 
working  successfully.  This  situation  has  been  causing  additional  down- 
time. When  using  the  "slow  rate"  on  110  V,  several  occasions  of  over- 
charging were  experienced  too.  On  two  different  cars,  the  top  of  some 
of  the  batteries  simply  blew  off.  Cases  of  arcing  from  the  battery 
connections  to  the  metal  frame  holding  the  batteries  together  is  still 
evidenced  by  several  burn  marks  on  the  plastic  shielding  inside  the 
hood. 


Regarding  the  Performance  of  the  EVA  Sedans,  it  is  indicated 
by  the  available  records  (on  the  one  EVA  with  most  mileage),  that: 

• Under  city  driving  (flat  terrain,  with  an  average 

speed  of  20-30  mph  and  a maximum  speed  of  35-45  mph, 
going  15-20  mi  per  day  or  charge),  and  ambient 
temperatures  of  2-15°C;  the  energy  consumption  is 
0.70  and  0.80  kWh/mi  (when  the  charge  worked  properly), 
and  the  maximum  range  20  mi. 
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9 On  an  overall  basis,  the  energy  consumption  is 

1.0  kWh/mi  (1209  kWh  over  1198  of  the  2103  mi  total). 


The  maintenance  has  required  3 hr/wk,  including  cleaning  the  batteries 
and  adding  0.75  gal  of  distilled  water. 

Even  though  the  demonstration  program  with  the  seven  EVA 
sedans  has  not  been  shut  down  (at  least  three  of  the  cars  are  still  in 
some  kind  of  regular  use) , there  have  been  so  many  and  such  severe 
failures  with  the  cars  that  the  collection  of  more  in-use  performance 
data  is  somewhat  in  doubt. 


7.4.2  The  ERDA  Experience 

The  three  EVA  Sedans  bought  by  ERDA  in  June  1975,  have  been 
used  for  commuting  to  the  Capitol  in  Washington,  D.C.  The  maximum 
mileage  to  date  has  been  1583  mi  (on  one  of  the  cars),  and  the  average 
1200  mi  per  car. 

The  trips  have  been  3-5  mi  each,  with  a running  speed  of 
25-35  raph  in  urban  traffic  and  moderate  grades  (5-10%).  The  batteries 
were  charged  between  each  trip. 

The  primary  failure  modes  experienced,  are: 

• Overheating  of  motors  (e.g.,  two  motors  were 
replaced  under  warranty)  in  one  of  the  cars  and 
one  motor  failure  experienced  in  another  ($880), 
while  motor  couplers  have  been  replaced  (under 
warranty)  in  all  of  the  cars.  External  cooling 
fans  have  been  installed  since. 

• Overcharging  by  the  charger  (e.g.,  failed  to  taper 
down  the  amperage  over  time) . All  chargers  have 
been  modified  (under  warranty). 


The  energy  consumption  is  said  to  have  been  from  0.5  to  1.4  kWh/mi,  and 
the  availability  about  95%.  The  routine  maintenance  has  involved  a 
weekly  check  of  the  batteries,  and  the  adding  of  distilled  water 
approximately  once  a month.  The  experienced  battery  life  has  been 
1200  mi  (average)  over  18  mo  of  use,  at  a price  of  $720  (in  1977 
dollars) • 


There  is  no  continuously  collected  engineering  data 
(failures,  performance,  maintenance,  etc.)  available  - only  the  early 
failures  and  trips  have  been  documented.  In  this  situation,  together 
with  the  Canadian  experience  of  the  seven  EVA  Sedans  in  Winnipeg,  it 
has  only  been  possible  to  make  rather  indicative  (and  not  conclusive) 
remarks  about  the  actual  in-use  capabilities  of  the  EVA  Sedan. 
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7.5  ISLANDER  VEHICLE 

The  Islander  vehicle  was  developed  and  produced  by  the 
Electromotion.  Company,  Massachusetts,  in  a quantity  of  25.  This  company 
had  previously  developed  some  prototype  postal  vans  (similar  to  the 
HarbiXt  van)  used  by  the  U.S.  Portal  Service  Research  Group  in 
Rockville,  Maryland.  They  had  also  developed  various  other  prototype 
electric  vehicles. 

The  Islander  vehicle  fleet- was  produced  for,  and  leased  to, 
the  Sea  Pines  Plantation  Company,  South  Carolina  for  public  rental 
purposes.  Sea  Pines  Plantation  is  a 5200  acre  (2.1  km2)  resort  and 
leisure  community.  It  has  approximately  2000  permanent  residents  and 
accommodates  thousands  of  visitors  each  year,  offering  rental  accommo- 
dations, shopping  and  varied  recreational  facilities. 

Sea  Pines  elected  to  provide  electric  vehicle  rentals  for 
transporting  guests  and  baggage  about  the  resort  and  to  nearby  facil- 
ities outside  of  the  plantation.  This  decision  was  made  after  negotia- 
tions were  completed  with  Electromotion  regarding  vehicle  performance 
requirements,  costs,  delivery,  etc. 

The  application  of  these  vehicles  is  of  special  interest 
since  it  is  the  only  one,  covered  by  this  survey,  in  which  vehicles 
were  made  available  for  public  use.  Public  acceptance  of  these 
vehicles  was  reported  to  be  good. 


7*5.1  Vehicle  Description.  The  Islander  is  a nJeepM-like  vehicle 

in  size  and  configuration,  carrying  four  passengers  plus  baggage.  It 
features  a fold-down  windshield  and  collapsible  convertible  roof. 

The  basic  vehicle  description  is  summarized  in  Table  7-8. 

Performance.  The  range  of  these  vehicles  was  80  1cm  (50  mi) 
using  a random  stop-and-go  driving  cycle  on  nearly  flat  terrain, 
according  to  the  manufacturers  specifications.  The  top  speed  was 
48  km/hr  (30  mph)  according  to  the  same  specifications. 

7.5.2  Application.  The  operator  of  these  leased  vehicles  was  the 

Sea  Pines  Plantation  Company,  Hilton  Head  Island,  South  Carolina.  Sea 
Pines  used  7 of- the  25  vehicles  for  transporting  maintenance  personnel 
or  for  delivery  purposes,  etc.  The  18  remaining  vehicles  were  rented 
to  the  public  to  commute  between  the  various  golf  courses,  marinas, 
stables,  beach  areas,  tennis  courts,  hiking  trails,  forest  preserve 
and  overnight  quarters.  The  vehicles  were  also  highway  rated,  allowing 
guests  to  visit  shopping  centers  and  facilities  outside  of  the 
plantation. 
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Table  7-8.  Vehicle  Characteristics 
(The  Islander) 


Type  of  vehicle 

Manufacturer 

Dimensions 

Wheelbase 
Length 
Width 
Height 
Curb  weight 
Payload 

Traction  batteries 
Type 
Number 

Total  voltage,  V 
Total  weight 
Charger 
Type 

Manufacturer 
Line  voltage,  V 
Motor 

Power  rating 
Brakes 


4-passenger  car 
Elec tromot ion 


94  in.  (239  cm) 
125  in.  (318  cm) 
75.5  in.  (192  cm) 
60  in.  (152  cm) 
2500  lb  (1134  kg) 
500  lb  (227  kg) 

lead  acid 

14 

84 

850  lb  (386  kg) 


On-board 

Electromotion 

115 

10  hp  (7460  W) 
Hydraulic,  nonregenerative 
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Routine  Maintenance . The  routine  maintenance  relating  to 
the  electric  drive  system  consisted  of: 

Cl)  Check  battery  water  each  month  and  wash  down  exterior 
of  batteries 

(2)  Check  motor  brushes  each  6 or  12  mo  if  vehicle  was 
driven  less  than  48  km  (30  mi)  per  day 

(3)  Check  electrical  connections  each  6 mo 


7.5.3  Use  Experience.  The  average  hours  of  use  per  vehicle  for 

the  rental  fleet  of  18  vehicles  was  1316.  Hours  used  per  vehicle  for 
the  fleet  ranged  from  a minimum  of  0.9  to  a maximum  of  3100. 

Reliability.  The  primary  failure  mode  experienced  was 
burned  out  motors.  Upon  delivery  of  the  first  five  vehicles,  5-hp 
drive  motors  were  used  as  a substitute  for  the  10-hp  motor  not  yet 
available.  These  5-hp  motors  burned  out  and  were  subsequently 
replaced  with  10-hp  units.  Sea  Pines  reported  that  another  5 of  the 
10-hp  motors  also  failed. 

Sea  Pines  personnel  stated  that  the  motors  were  exposed 
to  the  ground  with  no  protection  from  dirt,  water  or  foreign  material. 
This  may  have  been  a factor  in  their  failure. 

Sea  Pines  reported  a battery  life  of  10  to  14  mo.  Motor 
failures  and  various  other  component  failures  led  to  a decision  to 
take  the  fleet  out  of  service  after  22  mo. 

Costs.  Sea  Pines  reported  that  the  total  fleet  repair  and 
maintenance  cost  for  the  22-mo  operation  was  $10,149.  An  approximation 
of  the  average  repair  and  maintenance  cost  per  ve'hicle  per  ye<„r  was 
$308..  This  approximation  was  derived  by  assuming  that  22  mo  of  service 
was  obtained  from  all  18  vehicles. 


7.6  MARS  XI  CARS 

The  Mars  XI  vehicle  is  a Renault  R10  conversion  produced  by 
Electric  Fuel  Propulsion  Inc.,  Michigan.  Electric  Fuel  Propulsion  is 
reported  to  have  produced  80  electric  vehicles  from  1967  to  1977. 
Forty-five  of  the  vehicles  were  the  Mars  II  conversions. 

A total  of  33  of  these  were  purchased  by  24  various  U.S. 
electric  utility  companies.  Pennsylvania  Power  and  Light  Company  (PPL) 
purchased  8 of  the  33  vehicles,  which  provided  the  application  and  use 
experience  data  for  this  survey.  The  PPL  vehicles  were  used  mainly  for 
display  and  demonstration  purposes.  A high  level  of  interest  was  shown 
by  the  general  public. 


7-26 


7.6.1  Vehicle  Description.  The  Mars  II  conversion  preserved  the 

original  seating  capacity  of  the  Renault  R-10  which  is  five  passengers. 
The  external  size  and  appearance  is  essentially  Che  same  as  the  Renault. 
The  basic  description  is  summarized  in  Table  7-9. 

Performance.  PPL  reported  the  following  performance  data: 

(1)  Range  - 60  miles  (97  km) 

(driving  conditions  unspecified) 

(2)  Maximum  speed  - 60  mph  (97  km/ hr) 

(3)  Battery  recharge  time  - 12  hr 

(4)  Battery  recharge  time  with  optional  off-board 
charger  - 2 hr 


The  Cornell  Aeronautical  Report  No.  VJ-2623-k-l  prepared  for  General 
Motors  Corp.,  gives  the  following  performance  data  for  the  fully 
charged  Mars  II. 


a.  Range  - 120  mi  (193  km)  at  30  mph 

(48  km/hr) 

100  mi  (161  km)  at  40  mph 

(64  km/hr) 

80  mi  (129  km)  at  50  mph 

(80  km/hr) 

60  mi  (97  km)  at  60  mph 

(97  km/hr) 

On  city  driving  schedule, 

V avg  = 22  mph,  73  mi  with 
regenerative  braking,  63  mi  with- 
out regenerative  braking 

b.  Acceleration  0-40  mph  (0-64  km/hr)  in  22  sec 


7.6.2  Application.  The  Pennsylvania  Power  and  Light  Co.  pur- 

chased eight  Mars  II  vehicles  with  deliveries  from  December  1967  to 
May  1968.  The  vehicles  were  used  mainly  for  display  and  demonstration 
purposes.  Some  attempts  were  made  to  use  them  for  messenger  service 
and  similar  duties.  However,  these  were  discontinued  because  of  poor 
performance  and  maintenance  problems. 

The  total  fleet  was  in  service  2 yr  and  1 mo.  The  last 
two  vehicles  were  in  service  3 yr  and  3 mo.  The  average  miles  driven 
per  fleet  vehicle  was  3089  km  (1920  mi).  The  maximum  miles  driven  was 
4582  km  (2848  mi).  The  minimum  was  1609  km  (1000  mi). 
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Table  7-9*  Vehicle  Characteristics 
(The  Mars  II  Car) 


Type  of  Vehicle 
manufacturer 
Purchase  price 
Purchase  date 

Dimensions 

Wheelbase  , 

Length 

Width 

Height 

Curb  weight 
Payload 

Traction  Batteries 
Type 

Manufacturer 

Number 

Total  voltage,  V • 
Total  weight 
Energy  capacity  (kWh) 
Energy  capacity  (A-hr) 

Charger 

Type 

Line  voltage,  V 
Power  source  for  accessories 

Motor 

Type 

Power  rating 
Controller 
Type 

Transmission 

Tires 

Type 

Size 

Brakes 


5-passenger  cars 
Electric  Fuel  Propulsion,  Inc* 
$4800  - $5450 
12-1-67  - 5-1-68 


89  in.  (2/6  cm) 

167.5  in.  (425  cm) 
60  in.  (152  cm) 

55.5  in.  (141  cm) 

4040  lb  (1833  kg) 
N/A 


Lead  acid  (cobalt) 

Tri  Polar 
4 

120 

Approx.  1900  lb  (862  kg) 
30  kWh 

180  A-he  at  180  a load 


On  board 
220 

One  12-V  lead  acid  battery 


DC  series 
11,190  W (15  hp) 


Magnetically  operated  switches 
(for  paralleling  batteries) 

4-speed,  manual  shift 


Radial  ply 
165  SR  15 

Regenerative  braking  system, 
plus  4-wheel  disc  hydraulic  brakes 


It  was  reported  that  the  heavy  weight  of  the  vehicle 
restricted  the  acceleration  and  speed.  The  weight  distribution  also 
created  a sericis  handling  problem  at  higher  speeds.  Operation  on  icy 
or  snowy  roads  was  considered  virtually  impossible. 


7.6.3  Use  Experience 

Reliability.  The  primary  failure  modes  experienced  with 
these  vehicles  were  u oken  axle  shafts,  U joints  and  contactors. 

Clutches  were  added,  by  modifying  the  drive  trains,  to  reduce  the  strain 
on  the  other  parts.  This  fix  was  only  partly  successful  since  it 
resulted  in  early  clutch  failure.  The  basic  cause  of  the  drive  train  . 
failure  is  believed  to  be  the  increased  torque  provided  by  the  electric 
motor  compared  to  the  original  IC  engine. 

Other  problems  reported  were  difficult  shifting  and  bending 
and/or  cracl  ing  of  frame  and  sheet  metal  members.  These  problems 
are  not  surprising  since  the  Mars  IX  curb  weight  is  approximately  twice 
that  of  the  original  Renault  R 10. 

Costs.  Summarized  fct^.jw  are  the  PPL  Company's  recorded 
costs  associated  with  these  eight  vehicles.  The  cars  were  included  in 
the  Company's  vehicle  lease  arrangement  together  with  the  two  high- 
speed chargers  obtained  to  service  them. 


January, 

1968  - 

Sep tember, 

1971 

1968 

1969 

1970 

1971 

Total 

Battery  charging 

$ a 

$ a 

$ a 

$ a 

$ 77 

Service  and  repair 

10,673 

2,689 

1,138 

462 

14,962 

Rents 

11,872 

12,448 

17,994 

7,206 

49,520 

Insurance 

71 

255 

288 

113 

727 

Licenses  and  titles 

600 

80 

102 

57 

839 

Total 

$23,216 

$15,472 

$19,522 

$7,838 

$66,125 

aAf ter  metered  readings  established  usage  rate  of  1/2  kWh/mi,  metered 
rec dings  were  discontinued.  Energy  use  based  on  final  total  mileage. 


7.7  THE  B & Z ELECTRA  KING 

The  manufacturer  of  the  "Electra  King"  (a  2-passenger  car 
with  various  models  available)  is  B & Z Electric  Car  of  Long  Beach, 
California,  which  also  has  made  a few  trucks  in  the  past.  The  company 
was  founded  in  1961  and  sold  to  the  present  owner  in  1972.  There  are 
no  production  figures  from  before  1972,  but  it  is  estimated  that  about 
600  cars  were  produced  before  then.  Since  1972,  approximately  200-300 
Electra  Kings  have  been  produced  and  sold  - mostly  to  customers  in  the 
Los  Angeles  area.  The  production  rate  is  at  present  a maximum  of  two 
cars  per  week. 

Considering  the  size  and  duration  of  the  production  of  this 
from-the-ground-up  built  electric  car,  it  would  have  been  clearly  in 
the  scope  of  this  survey  to  collect  engineering  data  on  the  user  exper- 
ience with  the  Electra  King.  However,  such  data  have  not  been  col- 
lected, because  they  are  largely  nonexistent,  the  main  reasons  being: 

a The  Electra  King  is  not  equipped  with  an 
odometer  or  speedometer. 

• Most  buyers  of  the  Electra  King  are  people  with 
limited  mobility  requirements  and  little  interest 
in  keeping  records  of  the  failures  and  the 
performance  over  time.  They  would  not  care  if ' 
the  car  had  a kWh  consumption  of  0.2  kWh/mi  or  10. 


Basic  Vehicle  Description.  .Depending  on  the  motor  size, 
the  sprocket  ratio,  the  battery  capacity  and  the  number  of  batteries, 
the  following  key  performance  characteristics  have  been  determined 
by  the  manufacturer  (by  driving  around  the  block.,  and  using  a meter 
to  determine  the  speed,  counting  the  rounds  to  determine  the  range): 


• 

Top  speed  (level  street) 

• 

• 

18-29  mpha  (29-47  kph) 

• 

Acceleration 

s 

Unknown 

• 

Range  (with  4 stops  per 

mile  on  level  street) 

l 

20-56  milesa  (32-90  km) 

Energy  economy 

• 

• 

Unknown  .. 

• 

Gradeability,  at  22%  grade 

• 

• . 

10  mph  (16  kph) 

aHigher  top  speed  options  are  sacrificing  in  range  (i.e.,  the  range 
for  options  with  a top  speed  of  29  mph  is  23  mi,  Just  as  the  top 
speed  for  options  with  a range  of  56  mi  Is  20  mph)* 


There  are  four  basic  models: 


PFS-123 

3-wheeler, 

Deluxe  Coupe  (closed) 

PF-123 

3-wheeler , 

Economy  Coupe  (open) 

PFS-125 

4-wheeler , 

Deluxe  Coupe  (closed) 

PF-125 

4-wheeler, 

Economy  Coupe  (open) 

All  of  the  above  have  a steering  wheel,  separate  accelerator,  and  brake 
pedals.  Three  other  basic  options  within  these  models  are  available; 
thus  resulting  in  16  different  basic  options  as  shown  in  Figure  7-6. 


3 -WHEELER 

4 -WHEELER 

DELUXE 

COUPE 

ECONOMY 

COUPE 

DELUXE 

COUPE 

ECONOMY 

COUPE 

(CLOSED  - PFS) 

(OPEN  - PF) 

(CLOSED  - PFS) 

(OPEN  - PF) 

STEERING 

WHEEL 

SEPARATE 
ACCELERATOR 
AND  BRAKE 
PEDALS 

PFS-123 

PF-123 

PFS-125 

PF-125 

STEERING 

WHEEL 

WITH 

SPINNER 

KNOB 

ACCELERATOR 
AND  BRAKE 
COMBINED 
ON  ONE 
LEVER 

PFS-124 

PF-124 

PFS-126 

PF-126 

SEPARATE 
ACCELERATOR 
AND  BRAKE 
PEDALS 

PFS— 1 22 

PF— 1 22 

PFS-122 

PF-127 

TILLER 

STEERING 

ACCELERATOR 
AND  BRAKE 
COMBINED 
ON  ONE  LEVER 

PFS-121 

PF— 1 21 

PFS-128 

PF— 1 28 

Figure  7-6.  The  16  Basic  Options  of  the  "Electra  King1* 
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Dimensions 

Wheelbase 

Length 

Width 

Height 

Curb  weight 

Payload  (including  driver) 
Storage  space 

Traction  batteries 

Type 

Number 

Operating  voltage,  V 
Total  weight 
Energy  capacity 

Charger 

Line  voltage,  V 
Motor 

Type 

Manufacturer 
Power  rating 

Controller 

Transmission 

Tires 
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s for  model  PPS-125,  the  most 
given  in  Table  7-10. 


Characteristics 

, King,  Model  PFS-125) 

2-passenger  car 
B & Z Electric 

$3445  - to  approximately  $4200 
(FOB  Long  Beach,  1977) 


65  in.  (165  cm) 

101  in.  (257  cm) 

45  in.  (114  cm) 

60  in.  (152  cm) 

1100  lb  (499  kg) 

500  lb  (227  kg) 

9-11  ft3  (0.25-0.31  in.3) 


Lead-acid  (Trojan  170W) 

6-12 

36-48 

336-672  lb  (152-305  kg) 

170-244  A-hr  (rate  unspecified) 

On-board  with  timer 
110  V/8  A-9  hr 


i»  • 

i j 
! 

i 

i 

i 


D.C.  series 

General  Electric 

1-1/2  hp,  2 hp,  or  3-1/2  hp 

Resistor  controlled 

None 

Tubeless  (4.80/400  x 8) 
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Figure  7-7. 


— 


B & Z Electra  King 


7.8  BELL  SYSTEM  DJ-5Es 

The  Bell  System  has  had  10  DJ-5E  Electric  Vans,  Identical 
in  design  to  those  in  use  by  the  U.S.  Postal  Service  (see  Chapter  4 
for  vehicle  description),  assigned  to  use  applications  for  approximately 
1 yr.  This  use  program  is  one  part  of  an  overall  effort  by  the  Bell 
System  to  establish  the  potential  application  of  EVs  by  the  Operating 
Telephone  Companies.  Five  of  the  DJ-5Es  are  owned  and  operated  by 
Indiana  Bell  in  Indianapolis,  Indiana.  The  initial  owner/operator  of 
the  other  five  DJ-5Es  was  Northwestern  Bell  in  Minneapolis,  Minnesota, 
but  these  vehicles  were  recently  transferred  to  New  York  Telephone  for 
assignment  in  the  New  York  City  area.  The  Bell  System  vehicles  have 
accumulated  inly  an  average  of  1000  mi  per  vehicle  due  to  battery 
problems  and  heater  inadequacies. 

The  DJ~5Es  have  been  used  by  the  Bell  System  Companies  for 
telephone  installation  service,  primarily  large  installations  of  PBX 
and  Key  systems.  Daily  mileage  per  vehicle  is  reported  as  4-20  mi 
(6.4-32  km).  Route  characteristics  (length  and  stops  per  mile)  are 
defined  as  variable, -reflecting  the  nature  of  the  missions  to  which 
the  vehicles  are  assigned.  Cold  weather  operation  was  reported  as  a 
problem  because  the  gasoline  heaters  did  not  operate  properly  in 
temperatures  below  0°F  (-18°C).  Battery  performance  in  cold  weather 
was  reported  as  adequate.  The  daily  variability  of  the  assigned 
missions  was  identified  as  a source  of  problems. 

The  charging  routine  for  the  Bell  DJ-SEs  consists  of  daily 
charging  with  weekly  equalizing.  Routine  maintenance  includes  weekly 
battery  watering,  Availability  was  reported  as  95%,  with  downtime 
attributed  largely  to  early  battery  failure  due  to  soft  paste  on 
plates.  In, an  attempt  to  resolve  this  problem,  a trial  of  C&D 
batteries  has  been  initiated  - they  have  been  installed  in  the  five 
vehicles  transferred  to  New  York  Telephone.  The  cost  of  replacement 
batteries  is  reported  as  $2000  and  energy  consumption  as  1.5  kWh/mi 
(0.9  kWh/km). 


7.9  OTIS  ELECTRIC  VAN 

The  Otis  Van  was  manufactured  by  the  former  Electrobus 
Division  of  the  Otis  Elevator  Company.  Approximately  40  vans  were 
manufactured  and  sold.  Electric  Vehicle  Associates  purchased  the  manu- 
facturing rights  for  this  vehicle,  but  have  no  present  plans  for 
producing  it. 

Some  of  these  vehicles  were  used  by  the  NASA  Lewis  Research 
Center  and  two  Canadian  electric  companies  (Hydro  Quebec  and  City  of 
Calgary  -Electric  System)  , 

7.9*1  Vehicle  Description,  The  Otis  Van  carries  2 passengers  and 

has  a payload  of  500  lb  (227  kg).  The  external  size  and  appearance 
is  typical  of  a small  gasoline  delivery  van.  The  basic  description  is 
summarized  in  Table  7-11. 
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Table. 7-11. 


Type  of  vehicle 
Manufacturer 


Purchase  price 

Purchase  date 

Dimensions 

Wheelbase 

Length 

Width 

Height 

Curb  weight 

Payload 

Traction  Batteries 
Type 

Manufacturer 

Number 

Total  voltage,  V 
Total  weight 
Energy  capacity  (Ah) 

Charger 

Type 

Line  voltage 

Power  Source  for  accessories 
Motor 

Type 

Manufacturer 
Power  rating 

Controller 

Transmission 

Tires 

Type 

Size 

Brakes 


Vehicle  Description 
(The  Otis  Van  P-500) 


2-passenger  delivery  van 

Otis  Elevator  Co., 
Electrobus  Division 


$9403  plus  batteries 


1975 

96  in. 

(244  cm) 

138  in. 

(351  cm) 

62  in. 

(157  cm) 

74.2  in. 

(188  cm) 

3620  lb 

(1642  kg) 

500  lb 

(227  kg) 

Lead  acid 
Exide,  EV-106 
2 modules 
96 

1040  lb  (472  kg) 
195  at  3-hr  rate 


N/A 

N/A 

12  V lead  acid 


DC  series 
Otis 

22380  W (30.4  hp) 

SCR  pulse  type 
Direct  drive 


6-ply  radian 
175-SR-13 

Hydraulic 
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Performance.  Lewis  Research  Center/  reported  the  following 
performance  data: 

• Range  - 29.4  mi  (47.3  km)  at  20  raph  (32.3  km/hr) 

• Maximum  speed  - 39  mph  (62.8  km/hr) 

• Range  (for  Schedule  B driving  cycle)  - 21  mi  (33.8  km) 

• Range  (for  SAE  J227  Residential)  - 30  mi  (48.3  km) 


7*9*2  The  Lewis  Reserach  Center  Experience 

NASA  Lewis  Research  Center  has  had  two  Otis  Electric  Vans 
in  service  since  May  1975.  One  is  used  to  deliver  interlab  mail  (green 
van).  It  travels  approximately  20  mi  (32  km)  per  day  at  20  to  25  mph 
(32  to  40  km/hr)  with  60  to  70  stops  per  day. 

The  other  van  (yellow  van)  is  used  by  the  fire  department  to 
run  various  errands.  It  is  used  7 days  per  week,  covering  24  to  32  1cm 
C15  to  20  mi)  at  20-30  mph  (40  to  48  km/hr)  with  about  20  stops  per 
day. 

The  green  van  has  accumulated  in  excess  of  3700  rai  (5953  km); 
the  yellow  van  more  than  5000  mi  (8045  km) . Table  7-12  shows  the 
electricity  consumed  over  various  distance  increments  as  well  as  the 
killowatt  hours /kilometer. 


The  Lewis  Research  Center  experience  indicates  that  the 
most  frequent  failure  is  a loss  of  power,  which  is  perhaps  related  to 
a moisture  problem.  Table  7-13  shows  a failure  log  for  both  the  green 
and  yellow  vans. 


7*9.3  The  Hydro  Quebec  and  Calgary  Electrical  System  Experience 

The  Hydro  Quebec  van  was  assigned  to  various  tasks  in 
Montreal  including  mail  and  parcel  delivery,  meter  reading  and 
replacement . 

The  Calgary  van  was  used  for  mail  delivery  and  is  now  trans- 
porting personnel  between  offices.  It  has  averaged  8 km/day  on  a 5-day 
week. 

The  Calgary  van  had  travelled  2486  rai  (4000  km)  and  con- 
sumed 3314  kWh  of  electricity  by  01/28/77. 


7-36 


Table  7-12.  Electricity  Consumed  (Otis  P-500  Van) 
Yellow  Otis  Van  (Fire  Department  Use) 


Odometer 

kWh 

Increment 

Accumulative 

Average 

Reading, 

Reading, 

kWh, 

kWh, 

kWh, 

kWh, 

km, 

mi 

Dace 

km 

(mi) 

kWh 

km 

mi 

km 

mi 

day 

day 

04/22/75 

83 

58 

0 

0 

0 

05/22/75 

545 

339 

203 

0.45 

0.72 

0.45 

0.72 

14.5 

9 

06/21/75 

1430 

889 

666 

0.52 

0.84 

0.47 

0.75 

29.0 

18 

07/13/75 

2146 

1334 

1075 

0.57 

0.92 

0.50 

0.80 

33.8 

21 

08/11/75 

3067 

1906 

1629 

0.59 

0.95 

0.53 

0.85 

30.6 

19 

09/11/75 

3998 

2*85 

2037 

0.43 

0.70 

0.51 

0.82 

30.6 

19 

11/16/75 

5004 

3110 

2745 

0.68 

1.1 

0.55 

0.88 

30.6 

19 

01/14/76 

5625 

3496 

3345 

0.96 

1.55 

0.60 

0.96 

9.7 

6 

11/19/76 

6964 

4328 

4035 

0.52 

0.83 

0.58 

0.94 

4.0 

2.5 

01/14/77 

7389 

4592 

4266 

0.57 

0.92 

— 

— 

8.0 

5 

02/15/77 

7506 

4665 

4439 

0.62 

1.0 

0.60 

0.96 

8.0 

5 

(Speed- 

ometer 

out) 

Green  Otis  Van 

(Interlab  Mail 

Truck) 

05/06/75 

151 

94 

58 

... 

... 

— 

— 

05/23/75 

533 

331 

282 

0.59 

0.95 

0.59 

0.95 

27.4 

17 

06/30/75 

1007 

626 

610 

0.69 

1.11 

0.65 

1.04 

22.5 

14 

07/31/75 

1500 

932 

919 

0.63 

1.02 

0.64 

1.03 

24.1 

15 

08/29/75 

2133 

1329 

1237 

0.50 

0.80 

0.59 

0.95 

32.2 

20 

09/29/75 

2610 

1622 

1521 

0.60 

0.97 

0.59 

0.95 

22.5 

14 

10/31/75 

3157 

1962 

1362 

0.62 

1.0 

0.60 

0.97 

27.4 

17 

11/28/75 

3607 

2242 

2152 

0.65 

1.04 

0.60 

0.97 

22.5 

14 

01/28/76 

4085 

2539 

2496 

0.72 

1.16 

0.62 

1.00 

11.3 

7 

09/01/76 

4772 

2966 

3051 

0.81 

1.3 

4.8 

3 

09/20/76 

5020 

3120 

3313 

1.07 

1.73 

0.68 

1.1 

16.1 

10 

3.2 

2 

03/14/77 

5358 

3330 

4581 

— 

16.1 

10 

05/17/77 

6021 

3742 

5154 

0.87 

1.4 

16.1 

10 
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Table  7-13.  Repair  Records  for  Otis  P-500  Van 


Odometer 

reading 

Date  mi  km 


Green  Van 

06/75 

400 

644 

03/77 

3380 

5438 

05/77 

Yellow  Van 

06/75 

1000 

1609 

01/76 

2460 

3958 

04/76 

11/76 

11/76 

3640 

5857 

12/76 

4400 

7080 

12/76 

4400 

7080 

12/76 

4400 

7080 

01/77 

4500 

7240 

01/77 

4500 

7240 

02/77 

4600 

7401 

02/77 

4600 

7401 

02/77 

4600 

7401 

02/77 

4665 

7506 

02/77 

4665 

7506 

02/77 

4665 

7506 

04/77 

4665 

7506 

Problem 


Suspension  modification  - shocks  and  springs 
Power  cut;  out  - may  be  due  to  moisture 
Loose  12-V  battery  cable 
Speedometer  cable  broke 


Suspension  modification  - shocks  and  springs 
Blower  motor  failed 

Replaced  12-V  and  5-drive  batteries  and  switch 

Speedometer  cable  failed 

Speedometer  cable  failed  again 

Hand  brake  froze 

Ran  out  of  power  - towed  back 

Ran  out  of  power  - towed  back 

12-V  battery  dead 

Ran  out  of  power  - towed  back 

Power  cut  off  - moisture  problem? 

Power  cut  off  - moisture  problem  again? 

Power  cut  off  - moisture  problem  again? 

Speedometer  cable  failed 

Blower  motor  failed 

Drive  motor  cutting  out 

Power  cut  off  - moisture  p'roblem? 


CHAPTER  8 


FOREIGN  USE  EXPERIENCE  - LITERATURE  REVIEW 


This  section  identifies  foreign  use  experience  with  on-road 
electric  vehicles.  Those  vehicles  which  operate  on  fixed  rails  or  are  a 
part  of  a public  transit  system  did  not  fall  within  the  scope  and  were 
not  included.  In  most  cases  the  vehicles  that  are  in-use  were  designed 
for  delivery  of  goods  or  for  routine  maintenance  work.  Electric 
vehicles  are  particularly  suited  for  these  tasks  because  of  the  limited 
range  and  low-to-moderate  speeds  required  for  urban  driving. 

The  original  intent  was  to  include  only  vehicle  programs 
with  actual  implementational  experience.  Unfortunately  many  of  the 
foreign  electric  vehicles  (e.g.,  those  in  Italy,  Japan  and  Czechoslo- 
vakia)' exist  as  advanced  prototypes  with  only  limited  utilization.  It 
was  felt  that  while  these  vehicles  were  not  currently  a part  of  exten- 
sive in-use  programs,  it  would  be  valuable  to  identify  them  and  document 
their  status.  The  countries  which  have  demonstrated  extensive  experience 
are  Great  Britain,  France,  and  West  Germany.  Of  these,  Great  Britain's 
program  is  the  most  noteworthy  with  nearly  40,000  electric  vehicles 
currently  in  service  for  daily  local  milk  delivery  (Reference  8-1). 

Table  8-1  summarizes  the  available  information  on  vehicle 
specifications  and  performance  for  each  of  the  electric  vehicles 
described  in  the  following  subsections.  In  the  case  of  Japan,  where 
more  than  17  government  and  industry  prototypes  exist,  statistics  on 
only  2 typical  vehicles  are  included  in  the  table.  Interested  readers 
should  consult  any  of  the  references  cited  in  Section  8.5  for  further 
details  on  the  Japanese  vehicles. 


8.1  GREAT  BRITAIN 

Electric  vehicles  have  been  used  successfully  in  Great 
Britain  for  over  20  yr.  The  British  dairy  industry  has  found  their 
battery-powered  vehicles  to  be  reliable,  economical,  and  virtually 
maintenance-free.  Today  the  fleet  includes  nearly  40,000  vehicles  with 
some  original  vehicles  still  in  service.  A daily  delivery  route  covers 
an  average  of  29  km  with  210  stops  and  starts  and  involves  a payload  of 
1365  kg.  Figures  indicate  that  the  average  cost  to  operate  a vehicle 
on  the  London  routes  is  919.60  per  vehicle  per  week  (this  figure 
includes  depreciation,  license,  insurance,  etc.).  The  Express  Dairy 
Company,  Ltd.  estimates  that  its  operational  costs  for  an  electric 
vehicle  are  approximately  half  of  what  it  would  be  for  a similar  diesel 
vehicle  (References  8-2  and  -3) . 

Harbilt  Electric  Trucks  and  Vehicles  is  responsible  for  the 
design  and  manufacture  of  the  current  "Daity-Liner"  milk  delivery 
vehicle.  In  addition,  Harbilt  buiids  metropolitan  delivery  vans  (see 
section  4.1),  street  cleaners,  and  ambulances.  Documentation  is  not 
currently  available  on  these  electric  vehicles  (Reference  8-4). 
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Table  8-1.  Vehicle  Specifications 


Intended  use 


NliRtiet  »l  vrlilcles 
Average  daily  atlMK' 
Iks) 


Curb  Ut. 

<kgt 

Fay  IimJ 

<k*7 

Ii.it  (t-rv-i  r.ivi  luu 

l)u ■ put  (kUli) 
KvRviiiT4tlvt>  drakes 


Hjiikc  (ko) 

Tup  Speed  <ln/ti) 


Creditability 
Has.  Cradrablllly 


Crnt 

rltain 

Crdlur 

West 

,>rojny 

Italy 

Japan 

"Dairy 

t'nIK-Ii) 

Tnyuta 

Ilnur” 

HiHIII'b 

■ tl)F 

Flat  1 

Flat  2 

VcSptl 

LV  4P 

HlnJ  Ate 

Dally 

Klct  trluttv 

Semli-c 

Service 

F.Slal 

Hull very 

Del Ivcry 

’ J-Wlieeled 

Cuepuct 

Stull 

llllk. 

Ci  lun  rl  1 

Vehicle 

Vehicle 

Delivery 

van 

van 

Delivery 

Fieri rlv 

Tr.uk 

Delivery 

Service 

Veil  tele 

Truck 

Vehicle 

40.0110 

hi 

911 

2(1 

m 

H/A 

NM 

HM 

N/A 

N/A 

29 

12 

Ik 

20-100 

kll 

N/A 

HM 

H/A 

NM 

HM 

1 

MM 

I7» 

H/A 

H/A 

240 

2U0 

200 

210 

H/A 

H/A 

MM 

249 

2JU 

442 

449 

>71 

171 

>20 

46k 

It? 

N/A 

142 

Kit 

177 

IB2 

149 

IV* 

I4i 

170 

UK 

M/A 

114 

l»J 

1911 

2kk 

161 

I6t 

IW 

1(16 

162 

M/A 

97k 

M/A 

2170 

29kll 

U7k 

1 17k 

mo 

I62II 

Iklk 

IIM 

■ All 

H/A 

Will 

I4kl» 

170 

170 

180 

iom» 

itn 

U.lil-4>'lil 

lcad-ar  1 J 

Ivad-.lrld 

lC4ll-.ll  Id 

Ic4li-41'  Id 

le.ld-UC  lit 

K-ad-.lc  Id 

lead-arid 

K-.ld-.tl'Iu 

lead-arid 

MM 

4K 

4B 

72 

90 

n 

12 

16 

Alt 

48 

MM 

96 

*.6 

144 

t Kll 

144 

144 

72 

120 

96 

MM 

92 

Bk 

Iktt 

too 

Ilk 

Ilk 

nm 

170 

Ilk 

SCR 

SitleiMlil 

Thyrlalor 

SCR 

Tbyrluter 

Thyristor 

Tlivrl  Hint 

SCR 

Thyristor 

SCR 

Contractors 

scrim 

*cc  u*n 

sluuit 

slmnt 

scrim 

alltxnt  - 

series 

sliiml 

shunt 

KM 

6 

k.S 

16 

k 

9.9 

H/A 

|U» 

M/A 

yea 

yes 

ym 

yc* 

n«» 

NM 

yes 

Bit 

71 

90 

;o 

82 

Ml 

*4 

80 

7U 

kk 

60 

4S 

70 

60 

N/A 

>11-1/1 

l 2k 

k61 

N/A 

NM 

N/A 

H/A 

16.2  on 

N/A 

J5  4t 

N/A 

N/A 

H/A 

40  ut 

21  at 

8.12 

s* 

72 

62 

MM 

H/A 

H/A 

202 

162 

182 

192 

162 

N/A 

HM 

-T-xx. 


The  second  example  of  electric  vehicle  utilization  in 
Great  Britain  is  a program  sponsored  by  the  Electricity  Council.  Nearly 
ten  years'  ago  the  Council,  prompted  by  the  British  Government,  began  to 
encourage  the  development  of  a small  electric  vehicle.  Enfield  Auto- 
motive, Ltd,  was  engaged  to  design  and  produce  a fleet  of  61  vehicles 
based  on  the  Electricity  Council's  rigorous  mechanical,  electrica il,  and 
frontal  impact  specifications.  Since  February  1976  all  61  Enfield  8000 
have  been  in  operation  for  Electricity  Boards  throughout  England  and 
Wales.  The  vehicles  have  been  used  for  a variety  of  tasks;  inspecting 
installations,  reading  meters,  commuting  to  and  from  work,  delivering 
accounts,  and  surveying  sites.  The  average  weekly  mileage  is  a6-64  km. 
At  least  11  of  the  vehicles  regularly  cover  more  than  00  km  a week. 


Energy  consumption  for  actual  utilization  (311-373  Wh/km) 
has  been  found  to  be  higher  than  results  from  prototype  testing 
(202  Wh/km).  The  Electrical  Council  attributes  this  to  the  tact  that 
the  test  figures  were  obtained  under  ideal  conditions  with  a trained 
driver  and  a fully  charged  battery.  Users  have  complained  about  the 
absence  of  a sophisticated  state-of-charge  indicator  and  the  limited 
assessibility  of  the  batteries.  As  anticipated  with  any  new  vehicle, 
unscheduled  repairs  and  ^placements  are  running  at  fairly  high  levels 
Enfield  is  making  design  modifications  in  the  charger  and  controller 
to  improve  their  performance.  (Reference  8-2). 


8.2 


FRANCE 


In  1972  the  French  electric  utility,  EDF , began  a major 
project  to  oromoce  the  development  of  lightweight  electric  vehicles . 

By  late  1973  thev  had  produced  a fleet  of  90  vehicles.  EDr  s intention 
was  to  use  the  fleet  to  study  the  possibilities  of  electric  vehicle 
commercialization.  A large  fleet  size  was  chosen  so  that  the  vehicles 
could  be  tested  under  a wide  ran*e  of  driving  conditions.  An  initial 
group  of  54  was  tested  during  1973  and  1974  by  EDF  employees  who  had 
been  trained  in  the  maintenance  and  repair  of  the  vehicles  which  were 
used  to  make  customer  service  cal2  s in  Paris  and  its  surround  ng 
suburbs  (References  8-3  and  -4). 

The  EDF  discovered  th:.t  energy  consumption  was  generally 
higher  than  had  been  predicted.  The  only  major  maintenance  pro  IMJ 
were  with  the  batteries.  Because  users  frequently  overcharged  the  bat 
teties  and  neglected  to  periodical!. • check  the  water  levels  the  bat- 
tery l’to  was  shortened  considerably.  Municipal  workers  and  selected 
employe  in  private  industries  were  chosen  to  test  the  remaining 
vehicles.  The  results  of  this  utilization  experiment  were  not  available 

(Reference  8-5) . 


8.3 


WEST  GERMANY 


The  GES  (Electric  Road-Transoort  Company),  a subsidiary  of 
RWE,  the  German  utility  company,  encouraged  two  German  automobile  manu- 
facturers, Daimler-Benz  and  Volkswagen  m develop  electric  vehicles 
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suitable  for  shorthaul  delivery  in  urban  areas,  A fleet  of  20  VI-7 
Electrotransporters  has  been  in  service  since  late  1973  and  50  addi- 
tional vehicles  are  scheduled  to  be  available  by  September  1977.  Thirty 
DB-vehicles  have  been  in  regular  service  since  the  end  of  1975.  GES’s 
primary  aim  has  been  to  collect  technical  and  economic  data  on  these 
in-service  vehicles  in  order  to  evaluate  their  performance  and  measure 
their  potential  large-scale  applicability  (Reference  8-6). 

« ,*■  t Except  for  the  initial  tests  on  the  VW  facility  in 

Wolfsburg,  the  VW  vehicles  have  been  operated  in  and  around  Dusseldorf. 
Twelve  of  the  vehicles  were  assigned  to  the  Public  Works  Department, 
while  the  remaining  ones  were  used  by  the  local  RWE  electricity*  supply 
authority.  The  Electrotransporters  have  been  used  primarily  to  trans- 
port materials  and  to  inspect  and  maintain  power  stations.  The  vehicles 
have  been  operated  year-round  under  all  weather  conditions  in  tempera- 
tures ranging  from  minus  15  to  40°C  (Reference  8-7) . With  an  inter- 
mediate boost  charge  during  stationary  periods  such  as  lunch  breaks, 
some  vehicles  have  been  able  to  achieve  daily  mileage  of  up  to  100  km. 
Modifications  have  been  made  in  the  controller  and  drive  units  in  order 
to  increase  vehicle  reliability  (Reference  8-0).  Figure  8-1  indicates 
how  the  failure  rate  for  these  vehicles  has  dropped  since  1974 
(Reference  8-9). 


Figure  8-1,  Failure  Rate  for  the  20  VW  Electrotransporters 


T^e  DB  electric  vehicles  have  been  used  primarily  for  postal 
services,  and  DB  reports  chat  they  have  performed  as  well  as 
onventional  vehicles.  The  operating  costs,  however,  have  run  30-35% 
higher  than  for  a comparable  diesel  vehicle.  The  DB  testing  program 

1 ev“h?^d/°Waard  inCrea!ing  battery  capacity,  payload,  and  range  of 
their  vehicle  in  order  to  reduce  some  of  the  operating  costs 
(Reference  8-10) . 


8.4 


ITALY 


Italy, 


advanced  prototype  vehicle  programs  in 
Since  late  1973,  ENEL , the  Italian  electric  utility,  has 
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sponsored  a development  program  with  Fiat.  The  objective  was  to  design 
and  construct  two  identical  vehicles,  one  with  a D.C.  series  motor,  the 
other  with  a D.C.  shunt  motor.  A Fiat  850T  was  used  as  the  base  vehicle. 
The  vehicle  with  the  shunt  motor  outperformed  the  one  with  the  series 
motor  with  regard  to  range,  speed,  and  climbing  ability.  Although  the 
two  vehicles  have  been  tested  extensively,  neither  has  been  released 
for  general  utilization.  (Reference  8-11).  The  second  Italian  proto- 
type is  a commercial  three-wheeled  vehicle  patterned  after  the  con- 
ventional I.C.  engined  Vespa  car.  Preliminary  road  tests  have  demon- 
strated the  vehicle's  good  maneuverability,  easy  handling,  and 
acceleration  (Reference  8-12) . 


8.5  JAPAN 

The  thrust  of  the  Japanese  electric  vehicle  program  has  been 
research  and  development  of  improved  vehicle  components,  (i.e.,  motor, 
batteries,  controllers).  To  date  there  has  been  no  widespread  utiliza- 
tion program.  They  have,  however,  an  impressive  number  of  different 
prototypes  for  compact  pick-up  trucks,  vans  and  passenger  cars.  Some  of 
the  vehicles  have  been  produced  directly  by  the  automobile  industry 
(Nissan,  Toyo,  Toyota,  Mitsubishi,  Daihatsu).  Since  1971  the  Japanese 
Industrial  Science  and  Technology  Agency  has  sponson d a program  for  the 
development  of  high-performance  experimental  electric  vehicles.  Because 
a majority  of  the  vehicles  have  been  tested  only  under  controlled  con- 
ditions, it  is  difficult  to  compare  their  performance  with  the  in-use 
vehicles  operating  in  Great  Britain,  France,  or  West  Germany 
(References  8-13  - 8-15) . 


8.6  CZECHOSLOVAKIA 

The  Czechoslovakian  Research  Institute  for  Rotating  Electri- 
cal Machines  was  responsible  for  the  development  of  a small  electric 
passenger  car  (EMA1)  and  an  electric  microbus  suitable  for  delivering 
goods  or  carrying  passengers  (EHA2).  Work  on  EMA1  was  eventually 
abandoned  because  it  was  felt  that  EMA2  had  more  commercial  potential. 
Test  results  for  EMA2  appear  in  Table  8-1.  No  documentation  was 
available  on  any  in-use  program  with  EMA2  (Reference  8-16). 
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CHAPTER  9 
GENERAL  FINDINGS 


This  chapter  presents  the  general  findings  derived  from  the 
data  on  use  experience  with  electric  vehicles  obtained  from  the  indivi- 
dual users  and  use  programs  surveyed  and  reported  in  Chapters  4-7. 
Foreign  use  experience  reported  in  Chapter  8 is  not  included  in  the 
general  findings  as  it  reflects  only  the  results  of  a literature  review 
and  not  data  obtained  as  part  of  the  scope  of  the  In-Use  Survey.  The 
general  findings  have  been  segmented  into  the  following  categories s 
vehicle  characteristics,  performance  specifications,  applications  and 
suitability,  effects  of  weather,  availability  and  reliability,  and 
costs.  ' 

The  findings  presented  in  the  following  sections  provide 
significant  information  and  insight  into  current  use  experience  with 
on-road  electric  vehicles  in  the  United  States  and  Canada  and  capabili- 
ties of  existing  U.S,  production  vehicles.  Conclusions  which  can  be 
drawn  from  the  findings  of  the  In-Use  Survey  are  significantly  restric- 
ted by  the  immaturity  of  the  vehicles  constituting  the  survey  popula- 
tion. Current  U.S.  manufactured  electric  vehicles  have  not  been  pro- 
duced by  any  manufacturer  for  sufficient  time  or  in  sufficient  quantity 
to  have  reached  maturity  as  production  vehicles.  Therefore,  the  use 
experience  is  distorted  by  evolutionary  changes  in  vehicle  design  and 
problems  characteristic  of  prototype  or  development  vehicles.  Use 
experience  with  U.S.  manufactured  vehicles  is.  not  completely  represen- 
tative of, the  state-of-the-art  capability  of  electric  vehicles  as _ 
evidenced  by  comparison  of  that  experience  with  the  performance  or  the 
U.S.  Postal  Service  Harbilt  Electric  Delivery  Vans  which  are  of  a 
design  and  construction  proven  by  the  production  of  some  40,000  elec- 
tric milk  floats  in  England. 


9.1  CHARACTERISTICS  OF  IN-USE  VEHICLES 

Characteristics  useful  in  defining  the  vehicles  included  in 
the  survey  population  consist  of  dimensions,  weight,  capacity,  and 
electric  propulsion  system  components.  The  characteristics  of  the 
surveyed  vehicles  reflect  the  types  of  production  electric  vehicles 
currently  available  in  the  United  States.  Characteristics  are  presen- 
ted separately  for  the  survey  categories  of  work  vehicles  and  passenger 
cars. 

Electric  vehicles  classified  as  work  vehicles  within  the 
Survey  population  consist  of  five  vehicle  models:  AM  General  DJ-5E, 

Battronic  Minivan,  Harbilt  Delivery  Van,  Otis  P-500  Van,  and  CDA 
Electric  Van.  The  quantities  of  these  vehicles  range  from  362  for  the 
DJ-5E  to  *the  single  CDA  Van.  Of  these  work  vehicles,  only  the  DJ-5E 
is  a conversion  of  an  ICE  vehicle.  These  electric  vans  range  in  size, 
as  indicated  by  curb  weight,  from  just  over  3500  lb  (1590  kg)  to  almost 
7000  lb  (3180  kg).  They  all  utilize  lead-acid  batteries.  These  are  of 
pasted-plate  construction  in  all  but  the  Harbilt  van,  which  has 
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batteries!  of  tubular  construction.  Humber  and  arrangement  of  batteries 
and  other  power  system  components  vary  considerably  among  the  vehicles. 
The  quantities  of  each  model  sold  to  users,  the  number  covered  by  the 
£57^.  **?,**“  °haracteria|:*«  and  components  are  given  in 

nn  i(  S rtS)  anti  9"1Cb)  (SI  Units)>  Additional  detail 

on  each  vehicle  model  is  provided  in  the  appropriate  section  on  the 
particular  program  or  vehicle  in  Chapters  4-7. 

...  a f n ^The  s,JrYey  Population  of  production  passenger  cars  includes 
the  following  models:  Citicar,  Elcar,  EVA  Metro  Sedan,  Mars  II,  EVE 

Islander,  and  Electra  King.  Four  of  these  are  vehicles  built  directly 
as  electric  vehicles.  The  other  two  models,  the  EVA  Metro  Sedan  and  * 
the  Mars  II,  are  conversions  of  small  import  sedans  (Renaults)  to  EVs. 

pr?d“ced  h/  SebrinS  Vanguard,  is  by  far  the  dominant  component 
of  the  population  in  terms  of  quantity.  The  manufacturer  claims  to 
have  produced  over  2000  Citicars.  Second  largest  entry  in  the  Survey 
population  of  passenger  cars  is  the  Elcar  of  which  over  200  reportedly 
have  been  imported  to  the  U.S.  The  actual  in-use  population  of  both 
of  these  vehicles  is  evidently  significantly  less  than  those  totals. 

The  number  of  Citicars  and  Elcars  registered  for  on-road  use  in  the 
39  states  which  make  available  registration  data  were  481  and  27 
respectively,  for  November  1975  through  May  1977.  Based  on  these  fig- 
2)d  recofds/romcearlier  surveys  of  EV  owners,  it  is  estimated 

5?®*  iqnnP°P^1^i0n  re8istered  for  use  is  something  less 

than  1500  and  that  of  Elcars  (within  the  U.S.)  is  around  100.  Numbers  of 
each  p -.ssenger  car  model  in  the  Survey  population  are  given  in 

9^(a)  ( ^S^sh  Unit)  and  9-2(b)  (SI  Units),  along  with  primary 
design  charactt  .sties  and  components. 

Five  of  the  passenger  car  vehicles  in  the  Survey  population 
can  be  neatly  grouped  into  two  major  categories:  one  is  composed  of 

purpose-built,  small  - i.e.,  wheelbase  of  less  than  70  in.  (1.78  m) , 
light  weight  - under  1500  lb  (680  kg)  curb  weight,  two-passenger 
vehicles.  It  consists  of  the  Citicar,  Elcar,  and  the  Electra  King. 
ruA  5CCOnd  caCeS°ry  is  composed  of  the  two  conversion  vehicles,  the 
EVA  Metro  Sedan  and  the  Mars  II,  and  is  characterized  by  larger  size: 
wheelbase  in  excess  of  90  in.  (2.29  m),  significantly  higher  weight  - 
oyer  3000  lb  (1360  kg)  curb  weight  and  a capacity  of  at  least  4 passen- 
gers. The  sixth  Survey  vehicle,  the  EVE  Islander  falls  somewhere 
between  these  two  categories.  It  is  a purpose-built  EV  but  has  a 
passenger  capacity  of  4 and  a curb  weight  of  2500  lb  (1136  kg) . 


9*2  PERFORMANCE  SPECIFICATIONS  OF  IN-USE  VEHICLES 

fc.,,.  . Performance  specifications  are  interned  to  define  the  capa- 
bilities  of  vehicles.  The  specifications  considered  most  significant 
for  defining  electric  vehicle  capabilities  are  top  speed,  acceleration, 
range,  gradeability,  and  fuel  economy.  Unfortunately,  available  per- 
formance specifications  of  electric  vehicles  are  often  ambiguous  and 
misleading.  Sources,  characteristics  specified,  and  the  bases  of 
measurements  vary  from  vehicle  to  vehicle.  The  Society  of  Automotive 
Engineers  (SAE)  in  1971  established  the  Electric  Vehicle  Test 
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Table  9-l(a).  Vehicle  Characteristics  - Work  Vehicles 
(English  Units) 


Harbilt 

DJ-5E 

Battronlc 

Minivan 

CDA  Van 

Number  of  vehicles 

Total  in  use3 

31 

289 

112 

40 

1 

Total  surveyed 

31 

289 

80 

3 

1 

Manufacturer 

Harbilt  Electric 
of  England 

AM  General 
Gould,  Znc. 

Battronlc  Truck 
Corporation 

Otis 

Elevator 

An tares  Engr. 

Initial  costb 

59500 

$6600 

510,834 

511,000 

N/A 

Dimensions 

Wheelbase  (in.) 

103 

81 

94.5 

96 

150 

Length  (in.) 

148 

133 

145 

138 

192 

Width  (in.) 

64 

70.6 

74 

62 

75 

Height  (in.) 

75 

73.8 

92 

74.2 

69 

Cargo  Capacity  (ft'*) 

N/A 

60 

N/A 

175 

Curb  weight  (lb) 

3565 

3625 

5800 

3620 

5100 

Payload  (lb) 

900 

675 

500 

500 

1000 

Batteries3 

Number  of  units 

2 

1 

2 

2 

36 

Total  cells 

36 

27 

56 

48 

108 

Weight  (lb) 

1812 

1260 

2400 

1040 

2340 

Motor 

Type 

DC  series 

DC  compound 

DC  series 

DC  scries 

DC  series 

Rating  (hp) 

12.5 

10 

42 

30.4 

22 

Controller 

Thyristor 

SCR 

SCR 

SCR 

Contactor/ 

resistor 

Transmission 

None 

None 

2 speed 

None 

Modified 

automatic 

*“*Count  or  estimate  of  total  number  which  nre,  or  have  been,  Purchased 
application  within  the  United  States  and  Canada. 

^Purchase  price  or  estimated  initial  cost  converted  to  1977  dollars. 

for  in  use 

*C*A11  are  lead  acid. 

pasted  plate  construction  except 

for  Harbilt  which  has  tabular 
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Table  9 -1(b).  Vehicle  Characteristics  - Work  Vehicles 
(Metric  Units) 


Harbllt 

DJ-5E 

Bactronic 

Minivan 

Otis 

P-500 

CDA  Van 

Number  of  vehicles 

Total  tn  use*a^ 

31 

362 

112 

40 

1 

Total  surveyed 

31 

362  • 

80 

3 

1 

Manufacturer 

Harbilt  Electric 
of  England 

AM  General 
Gould)  Inc. 

Battronic  Truck 
Corporation 

Otis 

Elevator  Co. 

An tares  Engr. 

Initial  cost 

S9500 

$6600 

S10.834 

$11,000 

N/A 

Dimensions 

Wheelbase  (cm) 

262 

206 

240 

244 

381 

Length  (cm) 

376 

338 

368 

351 

488 

Width  (cq) 

163 

179 

188 

158 

191 

Height  (cm) 

191 

187 

234 

188 

175 

Cargo  capacity  (m^) 

N/A 

1.7 

N/A 

S/A 

4.95 

Curb  weight  (kg) 

1619 

1646 

2633 

1642 

2315 

Payload  (kg) 

409 

306 

227 

227 

454 

Batteries 

Number  of  units 

2 

1 

2 

2 

36 

Total  cells 

36 

27 

56 

48 

108 

Weight  (lb) 

1812 

1260 

2400 

1040 

2340 

Motor 

Type 

DC  series 

DC  compound 

DC  series 

DC  series 

DC  scries 

Rating  (kU) 

9.33 

7.5 

31 

22.4 

16 

Controller 

Thyristor 

SCR 

SCR 

Contactor/ 

resistor 

Transmission 

None 

None 

2 speed 

Modified 

automatic 

^Count  or  estimate  of  total  number  which  are  or  have  been  purchased 
the  United  States  and  Canada. 

^Purchase  price  or  estimated  initial  cost  converted  to  1977  dollars. 

for  use  application  uichin 

(o)AU  are  lead  acid, 

pasted  place  cons 

cruction  except 

for  Harbilt  which  has  tabular 

construction. 
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Passenger  Cars 


Table  9 -2 (a). 


(a) 

Vehicle  Characteristics 
(English  Units) 


Citicar 

Clear 

EVA  Sedan 

Mars  II 

Eve 

Islander 

Electra 

King 

Humber  of  vehicles 

Total  In  use^ 

■>.1500 

130 

-.15 

45 

25 

300 

Total  surveyed 

230 

20 

10 

8 

25 

0 

Manufacturer 

Scbring 

Vanguard 

Zagato 

EVA 

EFP 

EVE 

B&Z 

Electric 

Initial  cost^c* 

$3300 

S3S00 

S11.000 

$9500 

N/A 

$3500 

Dimensions 

Wheelbase  (in.) 

63 

51 

96 

89 

94 

65 

Length  (in.) 

95 

84 

174 

167.5 

125 

101 

Width  (in.) 

55 

53 

64.5 

60 

75.5 

45 

Height  (in.) 

58 

63.5 

56.6 

55.5 

60 

60 

Number  of  passengers 

2 

2 

4 

5 

4 

2 

Curb  weight  (lb) 

1250 

1091 

3150 

4040 

2500 

1350 

Batteries(d) 

Number  of  units 

0 

6 

16 

4 

14 

8 

Total  cells 

24 

48 

48 

60 

42 

24 

Weight  (lb) 

-.480 

•v480 

1040 

1900 

850 

570 

Motor 

Type 

DC  series 

DC  scries 

DC  series 

DC  series 

DC  scries 

DC  series 

Rating  (hp) 

6 

2.7 

12 

15 

10 

3.5 

Controller 

Voltage 

switching 

Voltage 

switching 

SCR 

Voltage 

switching 

N/A 

Voltage 

switching 

Transmission 

None 

None 

Automatic 

transaxlc 

4 speed 

N/A 

None 

^Characteristics  reflect  current 

or  most  common  model 

^Estimate  of  total 

number  which  arc,  or  have 

been,  in  use 

application 

in  the  U.S. 

and  Canada. 

(c) 

'Purchase  price  in 

1977  dollars. 

(d)AU  are  lead  acid, 

, pasted  plate 

construction.  Mars  11  are  lead  acid /cobalt. 
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Table  9~2(b)»  Vehicle  Characteristics^^  — Passenger  Cars 
(Metric  Units) 


Citicar 

Elcar 

EVA  Sedan 

Mars  11 

Eve 

Islander 

Eiectra 

King 

Number  of  vehicles 

Total  in  use^ 

4500 

100 

-15 

45 

25 

%300 

Total  surveyed 

230 

20 

10 

8 

25 

0 

Manufacturer 

Sebring 

Vanguard 

Zagato 

EVA 

EFP 

EVE 

B&Z 

Electric 

Initial  coat^ 

$3300 

173500 

$11,000 

$9500 

N/A 

$3500 

Dimensions 

Wheelbase  (cm) 

160 

130 

244 

226 

239 

165 

Length  (cm) 

241 

213 

442 

425.5 

318 

257 

Width  (cm) 

140 

135 

163.8 

152 

191.8 

114 

Height  (cm) 

147 

161.3 

143.8 

140.9 

152 

152 

Number  of  passengers 

2 

2 

4 

5 

4 

2 

Curb  weight  (kg) 

567.5 

495.3 

1430 

1834 

1135 

612.9 

Batteries^ 

Number  of  unic3 

8 

8 

16 

4 

14 

8 

Total  cells 

24 

48 

48 

60 

42 

24 

Weight  (Jb) 

-480 

"480 

1040 

1900 

850 

570 

Motor 

Type 

DC  series 

DC  series 

DC  series 

DC  series 

DC  series 

DC  series 

Rating  (kW) 

4.5 

2.0 

8.95 

11.2 

7.46 

2.6 

Controller 

Voltage 

switching 

Voltage 

switching 

SCR 

Voltage 

switching 

N/A 

Voltage 

switching 

Transmission 

None 

None 

Automatic 

transaxle 

4 speed 

N/A 

None 

Characteristics  reflect  current  or  moat  common  model, 

^Estimate  of  total  number  which  arc  or  have  been  purchased  for  use  application  in  the  u.S.  and 
Canada, 

^Purchase  price  in  1977  dollars. 

^d^AU  are  lead  acid*  pasted  plate  construction,  bars  II  are  lead  acid/cobalc. 


Procedure  - SAE  J227  as  an  SAE  Recommended  Practice.  However,  it  has 
not  been  commonly  followed  by  the  EV  industry  and  manufacturers 
continue  to  provide  whatever  performance  specifications  they  deem 
suitable  with  little  or  no  definition  of  the  basis  of  those  perfor- 
mance specifications.  Definition  of  vehicle  performance  also  is  com- 
plicated by  changes  in  vehicle  components  affecting  performance  without 
change  in  vehicle  identity. 

In  an  attempt  to  better  define  the  performance  capabilities, 
data  from  performance  tests  which  may  have  been  conducted  by  or  for  the 
user  were  requested  from  users  as  part  of  the  In-Use  Survey.  Per- 
formance characteristics  obtained  from  manufacturers’  specifications 
and  users  are  given  in  Table  9-3  for  the  work  vehicles  surveyed  and  in 
Table  9-4  for  the  passenger  cars  surveyed.  The  vehicle  test  element 
of  the  State-o f-the-Art  Assessment  is  intended  to  provided  definitive 
data  on  performance  capabilities  of  current  electric  vehicles,  includ- 
ing many  of  the  vehicles  in  the  survey  population.  Therefore,  it  is 
not  necessary  to  attempt  to  draw  conclusions  on  performance  capabilities 
from  the  limited  and  inconsistent  data  presented  in  Tables  9-3  and  9-4. 
These  data  are  presented  to  provide  an  indication  of  the  performance 
capabilities  of  the  vehicles  surveyed  and  does  permit  the  following 
general  observations: 

• The  best  performance  capabilities  in  terms  of  speed, 
acceleration,  and  range  are  generally  exhibited  by 
the  heavier  vehicles  in  each  category,  i.e.,  the 
Battronic  Minivan  and  CDA  Van  among  the  work  vehicles 
and  the  Mars  II  among  the  passenger  cars.  This  can 
be  attributed  primarily  to  the  higher  ratio  of 
battery  weight  to  total  weight  for  these  vehicles. 

» Vehicle  range  is  extremely  sensitive  to  speed  and 
driving  cycle  and  is  limited  to  less  than  55  mi 
(88  km)  in  city  or  urban  driving  for  all  but  the 
Mars  II. 

• Top  speed  is  less  than  40  mph  (64  km/hr)  for  all  but 
the  two  heaviest  vehicles  in  each  category. 

• Acceleration  times  for  0-30  mph  (0-48  kra/hr)  for  the 
majority  of  the  vehicles  are  more  than  twice  as  long 
as  those  for  comparable  ICE  vehicles. 

• Sustained  speed  capability  on  a 10%  grade  is  less 
than  half  of  top  speed  for  the  vehicles  reporting 
speed  on  a 10%  g„.:ade. 


9.3  APPLICATIONS  AND  SUITABILITY 

Applications  of  the  electric  vehicles  surveyed  ranged  from 
miscellaneous  use  as  private  automobiles  to  assignment  to  specific 
routes  in  commercial  duty.  The  vehicles  categorised  as  work  vehicles 
were  all  involved  in  commercial  applications.  Some  of  those 
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Table  9-3 (a).  Vehicle  Performance  - Work  Vehicles  (English  Units) 


Harbin 

DJ-5E 

Battronic*^ 

Minivan 

Otis 

P-SilO 

COA 

Van 

Source 

Manuf , 
Specs, 

Manuf, 

Specs. 

U.S.P.S. 

Manuf. 

Specs. 

Manuf, 

Spec, 

COA 

Top  Speed  (aph) 

33 

40 

33 

55-60 

40 

53 

Acceleration  cine 

0-20  aph  faec) 
0-30  aph  (aec) 
0-45  eph  («ec) 

53- 

NA 

NA 

20 

NA. 

NA 

20 

NA 

NA 

9.1 

17 

NA 

NA 

NA 

NA 

14 

NA 

Range  (constant  speed) 

at  25  aph  (al) 
at  35  aph  (al) 

HA 

NA 

NA 

NA 

NA 

30(D 

50-55 

42-47 

!£<5) 

NA, 

9S<7> 

Ranga  (driving  cycle) 

Cycle 
Range  (al) 

coO> 

SO 

PCC3) 

29 

PC 

25 

NA 

NA 

B<3) 

21<6J 

CD<8> 

S3 

Cradablllty 

Speed  on  102  grad* 
(oph) 

12 

16 

14 

27-28<4) 

30<‘> 

NA 

Feel  Econoay 

Cycle 

Power  ccnaunptlon 
(fcWh/oi) 

NA 

NA 

NA 

NA 

NA 

NA 

CD 

1.2 

NA 

NA 

NA 

NA 

^Ranje  at  30  oph,  vehicle  could  not  sustain  35  aph  speed 

P»rforranca**CePe  “P  ,pe,i  for  Che  "lou‘ran8B"  eransalaslon  speed  as  that  provided  the  beat 
^CD  » city  drlvlngt  PC  - pascal  cycle;  B - J-227  8-cyclo 

Speed  on  52  grade;  speed  on  102  grade  not  reported  but  speed  for  202  grade  was  10-11  apt, 

Range  value  la  for  30  rph 
^Reported  by  NASA  lewis  Research  Center 
*Range  value  Is  for  10  aph 

Special  city  driving  cycle  of  2 steps  per  title  and  top  speed  of  40  oph  between  stops 


categorized  as  passenger  cars  were  in  commercial  use,  but  the  majority 
of  the  passenger  car  vehicles  were  in-use  as  private  automobiles. 
Various  use  purposes  and  daily  routines  are  involved  in  both  the  com- 
mercial and  private  applications.  Suitability  of  the  vehicles  surveyed 
in  terms  of  ability  to  perform  the  duties  for  which  they  were  purchased 
varied  with  both  the  vehicles  and  applications,  but  the  majority  were 
adequate  for  the  uses  involved. 


9*3»1  Use  Purposes 

A variety  of  use  purposes  was  reported  for  the  vehicles 
surveyed.  Some  uses  involved  very  specific  purposes  such  as  the  use 
of  the  Harbilts  and  DJ-5Es  by  the  U.S.  Postal  Service  for  mail  delivery. 
All  of  the  work  vehicles  were  involved  in  commercial  use  and  most  were 
assigned  to  well  defined  duty  routines.  In  the  case  of  the  Battronic 
Minivans  involved  in  the  EVC  Program,  the  primary  uses  to  which  the 
vehicles  were  assigned  varied  considerably  between  utility  companies 
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Tsble  9-3(b) . Vehicle  Performance  - Work  Vehicles  (Metric  Units) 


(2) 

Battronlc 

Otis 

CDA 

Harbllt 

0J-5E 

Minivan 

P-500 

Van 

Source 

Manuf . 
Spec*. 

Hanuf • 

Spec*.  U.S.P.S. 

Manuf. 

Sores. 

Manuf . 
Specs. 

CDA 

Top  Speed 

Acceleration  tine 

0-32  kn/hr  (sec) 

0-48  kn/hr  (sec) 

0-72  kn/hr  (sec) 

Range  (constant  speed) 

■t  40  kn/hr  (ka) 

at  56  kn/hr  (ka) 

Range  (driving  cycle) 

Cycle 
Range  (kn) 

Cradabllity 

Speed  on  10*  grade 
(kS/hr) 

Fuel  Economy 

Cycle 

Power  consumption 
(kWh/kn) 


33 

40 

33 

55-60 

40 

53 

16 

HA 

HA 

HA 

HA 

HA 

56 

32 

32 

14.6 

HA 

22 

HA 

HA 

NA 

27 

HA 

HA 

NA 

HA 

NA 

60-68 

HA 

HA 

HA 

HA 

4B<1> 

50-55 

42-47 

67-75 

64<i> 

1S2<” 

CD<” 

80 

PC(3> 

46 

PC 

40 

NA 

HA 

„(3) 

34«> 

C0<8> 

85 

19 

26 

22 

27-28<6) 

48<‘> 

HA 

43-45 

HA 

HA 

NA 

CD 

HA 

HA 

HA 

HA 

HA 

0.75 

HA 

HA 

*Range  at  4B  kn/hr,  vehicle  could  not  sustain  56  kn/hr  speed* 

2A11  values  except  top  speed  are  for  the  "lov-rango"  transmission  speed  as  that  provided  the  best 
performance 

*CD  • city  driving;  PC  ■ postal  cycle;  8 - J-227  B-e>cle 

4Speed  on  5*  grade;  speed  on  10*  grade  not  reported  but  speed  for  20*  grade  was  16-18  kn/hr 

5Rflnge  value  la  tor  48  kn/hr 

^Reported  by  NASA  Levis  Research  Center 

*Range  value  Is  for  64  kn/hr 

^Special  city  driving  cycle  of  2 stops  per  nlle  and  cop  speed  of  64  kn/hr  between  stops 


involved  in  the  program  and  even  between  vehicles  within  some  utilities 
with  multiple  vehicles.  Uses  of  the  vehicles  categorized  as  passenger 
cars  tended  to  be  less  specific  and  more  varied  than  for  the  work 
vehicles.  Multiple  use  purposes  were  reported  for  many  of  the  pas- 
senger car  vehicles,  including  combinations  of  private  and  commercial 
or  business  use. 

Primary  use  purposes  most  commonly  reported  for  the 
vehicles  surveyed  (in  approximate  descending  order  of  frequency 
reported)  are: 

Delivery 

Commuting 

Shopping  and  miscellaneous  errands 

Customer  service 

General  purpose  private  automobile 

Inter-facility  mail  truck  or  shuttle  bus. 
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Table  9-4(a).  Vehicle  Performance  - Passenger  Cars  (English  Units) 


Citicar 

Lie..*- 

EVA 

Sedan 

Mars  II 

Eve 

Islander 

rtectra 

King 

Hanuf . 
Specs . 

Consuners 

Union 

12a  nut . 
Specs. 

Consumers 

Union 

Hanu  f . 
Specs . 

Cornell 
Aeronaut leal 

Hanuf. 

Specs. 

Hanuf. 

Specs. 

Top  speed  fmph) 

18 

32 

35 

29.5 

56 

60b 

30 

29 

Acre 1 era t Inn  t imv 

11-20  mph  (sec) 

5 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

11- JO  mph  (sec) 

15 

19 

14.8 

27.5 

13 

228 

NA 

NA 

Hange  (constant  speed) 

at  25  mph  (rai) 

NA  a 

NA 

NA 

NA 

57 

120s 

NA 

NA 

at  15  inpli  (rai) 

40-50 

NA 

NA 

NA 

4U 

ICO8 

NA 

!.A 

Range  (driving  cycle) 

Cycle 

HA 

CUb 

CD 

CU 

cd 

CD 

RSh 

CD 

Range  lot) 

40-50 

J2.6 

1U 

33.2 

21 

73 

50 

23 

Oradeah 1 1 1 1 y 

Speed  on  102  grade  (mph) 

NA 

NA 

NA 

NA 

15 

NA 

NA 

10* 

Fuel  economy 

Cy.  le 

CD1’ 

CU 

CD 

CU 

CD 

NA 

NA 

NA 

power  consumption  (kHli/ral) 

0.29 

0.43 

0.27 

0.39 

0.59 

NA 

NA 

NA 

aSpfcd  nr  eye  t l*  not  s|H’i'  1 1 led 

bCunsnmers  Union  simulated  urban  driving,  level  l-ral  course,  1-rain  rest  after  each  mile,  15  rain  rest  each  half  hour 

LCiiy  Driving  Cycle 
d . 

imni  test  report  authored  Jointly  by  EVA  and  NASA  Lewis  Research  Center 
eC  Is  SAK  -I >27  c Cycle 

* Supplement  ary  performance  data  supplied  by  Pennsylvania  Power  and  Light  Co,  (user) 

Ac»  e ler.il  ion  time  If  for  0-40  tapli  and  range  values  are  for  constant  speeds  of  30  und  40  nph 
**H.sidum  stops,  level  terrain 
* Speed  on  a 222  grade 
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Table  9-4 (b).  Vehicle  Performance  - Passenger  Cars  (Metric  Units) 


Cldcar 

El  cor 

EVA 

Sedan 

Mars  U 

F.ve 

Islander 

Electro 

King 

Hnnu  f . 
Specs . 

Consumers 

Union 

Mantif . 
Specs. 

Consumers 

Union 

*3 

»—  T, 

II 

Cornel  1 
Aeronautical 

Hanuf . 
Specs. 

Manuf . 
Specs. 

Top  speed  (km/hr) 

61 

51 

5b 

47.2 

90 

96f 

48 

4b 

Acceleration  tine 

0-20  km/hr  (sec) 

8 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0-30  km/hr  (sec) 

24 

30 

23.7 

44 

21 

35 

NA 

NA 

Range  (constant  speed) 

at  25  km/hr  (km) 

NA 

NA 

NA 

NA 

91 

I92b 

NA 

NA 

at  35  km/hr  (km) 

40-50** 

NA 

HA 

NA 

64 

1C0B 

NA 

NA 

Range  (driving  cycle) 

Cycle 

NA 

cub 

CO 

CU 

Ce 

Cl) 

RS1' 

CD 

Range  (Vra) 

64-80** 

52.2 

48 

53.1 

34 

117 

80 

17 

Credent)  11  Icy 

Speed  on  10X  grade  (kn/hr) 

HA 

NA 

NA 

NA 

24 

NA 

NA 

lb1 

Fuel  economy 

Cycle 

CPc 

a* 

CO 

CU 

CD 

NA 

NA 

NA 

Power  consumption  (kWh/kro) 

0.18 

0.27 

0.17 

0.24 

0.37 

NA 

NA 

NA 

aSpced  or  cycle  not  specified 

^Consumers  Union  simulated  urban  driving,  level  one-wile  course,  one  minute  rest  after  each  wile.  15  minute  rest  each  half  hour. 
' CUy  Driving  Cycle 

*Vr«in»  test  report  (authored  Jointly  by  EVA  and  NASA  Lewis  Research  Center 
VC  is  SAK  .12117  C Cycle 

^Supplementary  performance  data  supplied  by  Pennsylvania  Power  and  Light  Co.  (user) 

® Acceleration  time  1b  for  0-64  ko/hr  and  range  values. are  for  constant  speeds  of  48  Uc.'tsv  and  64  kn/hr 
'’Random  stops,  level  terrain 
*Specd  on  a 22Z  grade 


These  purposes  are  generally  consistent  with  those  identified  by 
studies  of  potential  applications  for  electric  vehicles  and  are  charac- 
terized by  limited  range  requirements,  low  payload  requirements,  and 
little  need  for  operation  at  high  speed  on  major  highways  or  freeways 
or  on  extended  or  steep  grades.  The  surprising  aspect  in  the  reporting 
of  use  purpose  was  the  number  of  people  identifying  their  EV  as  their 
only  private  automobile  and  therefore  a general  purpose  vehicle. 


9.3.2  Daily  Routines 

..ally  routines  for  the  electric  vehicles  covered  In  the 
In-Use  Survey  range  from  repetitive  performance  of  specific  routes  on  a 
daily  (workday)  basis  to  random  day-to-day  use.  The  vast  majority  of 
the  dally  routines  involve  less  than  20  mi  (32  km)  of  travel  per  day. 
However,  the  CDA  Van  and  some  of  the  Battronic  Minivans  had  frequent 
reported  daily  mileage  in  excess  of  40  mi  (64  km).  Over  90%  of  the 
vehicles  in  use  for  a year  or  more  reported  annual  mileage  of  less  than 
3000  mi  (4800  km),  which  is  less  than  15  rai  (24  km)  per  day,  even  on  a 
250-day  (workday)  basis.  No  vehicle  surveyed  indicated  an  annual 
mileage  over  7500  rai  (12,000  km),  a daily  average  of  less  than  30  mi 
(48  km). 


The  EVs  in  use  for  mall  delivery  by  the  U.S.P.S.  constitute 
the  bulk  of  the  surveyed  vehicles  operating  on  a repetitive  route  basis. 
Routes  to  which  these  vehicles  are  assigned  are  in  urban  and  suburban 
areas,  generally  of  basically  level  terrain,  and  involving  distances  of 
5 to  15  rai  (8-24  km).  These  routes  are  more  demanding  than  indicated 
by  the  mileage  as  they  generally  involve  about  200  stop-starts  and  in 
some  cases  up  to  400  stop-starts.  Most  of  the  EVs  in  use  by  the 
utility  companies  and  those  of  Bell  Telephone  are  involved  in  customer 
service  duty.  This  consists  of  such  activities  as  equipment  installa- 
tion, removal,  and  repair  and  involves  routing  of  the  vehicle  on  a 
demand  basis,  resulting  in  a daily  routine  which  varies  in  number  of 
stop-starts  and  mileage.  Such  a routine  requires  greater  reliance  on 
state-of-charge  indicators  to  avoid  stranded  vehicles  Chan  does  use  on 
a repetitive  route. 

Daily  routines  reported  for  the  passenger  cars  generaxxy 
exhibit  substantial  variation.  However,  those  vehicles  used  primarily 
for  commuting  have  fairly  regular  daily  routines.  Other  vehicles  vary 
from  substantial  use  some  days  to  no  use  on  many  other  days.  These 
tend  to  be  mostly  vehicles  used  as  second  or  third  cars  for  shopping 
and  miscellaneous  errands.  However,  even  some  use  of  the  vehicles 
involved  in  commercial  applications,  particularly  some  of  the  Battronics 
owned  by  utility  companies,  are  used  sporadically. 
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The  majority  of  the  in-use  vehicles  are  recharged  on  a daily 
basis,  generally  during  storage  overnight.  However,  some  vehicles, 
primarily  those  with  sporadic  use,  are  charged  much  less  frequently. 

A substantial  number  of  passenger  car  users  reported  charging  their 
vehicles  during  daily  use,  as  well  as  overnight.  Some  of  these  were 
vehicles  used  for  commuting  where  arrangement  had  been  made  for  charg- 
ing at  the  place  of  work.  Additional  detail  on  vehicle  application  and 
daily  routine  is  given  in  the  sections  for  individual  use  programs  and 
vehicle  models  of  Chapters  4-7. 


9.3.3  Suitability  for  Intended  Purpose 

Success  in  performance  of  intended  purpose  of  the  vehicles 
surveyed  varied  considerably  with  the  vehicle  and  application  involved. 

In  some  cases  lack  of  success  in  performing  the  intended  purpose  was 
due  to  basic  inadequacies  in  the  design  or  construction  of  the  vehicle 
involved,  but  most  unsuccessful  applications  were  the  result  of  a 
mismatch  between  vehicle  performance  capabilities  and  application 
requirements.  Range  at  the  driving  cycle  involved  was  the  most  common 
deficiency.  The  mismatch  usually  resulted  from  inadequate  appreciation 
on  the  part  of  the  user  for  the  limitations  of  the  vehicle  or  demands  of 
the  application.  However,  overstatement  of  the  capabilities  of  the 
vehicle  by  the  manufacturer  or  ambiguities  in  manufacturers'  performance 
specifications  were  responsible  for  some  misapplication. 

Most  of  the  vehicles  surveyed  were  able  to  fulfill  the  duty 
routine  for  which  they  were  purchased  or  to  which  they  were  assigned. 
Most  of  the  deficiencies  experienced  have  been  in  failure  to  achieve 
expected  or  satisfactory  reliability  and  cost  performance.  Successful 
application  of  electric  vehicles  in  terms  of  performance  of  assigned 
routine  is  usually  the  result  of  careful  planning  of  the  application  and 
matching  of  the  vehicle  to  it.  This  is  done  in  most  cases  by  identify- 
ing an  application  that  is  within  the  capabilities  of  an  available  vehi- 
cle. In  other  instances  a vehicle  is  designed  for  a particular  applica- 
tion such  as  in  the  case  of  the  CDA  Van  or  procured  to  specifications 
written  by  the  user  to  meet  applicati-n  requirements,  such  as  in  the 
case  of  the  U.S.P.S.  procurement  of  the  DJ-5E  delivery  vans. 

Careful  matching  of  vehicle  and  application  is  usually  lack- 
ing in  cases  in  which  the  EV  is  not  able  to  perform  the  assigned  duty. 
Some  of  the  Minivans  involved  in  the  EVC  Program  are  victims  of  this 
problem.  A single  vehicle  model  was  procured  for  62  individual  user 
utilities,  and  many  of  these  did  not  involve  their  fleet  managers  in  the 
procurement.  When  the  EVs  were  received  by  these  managers  they  were 
assigned  to  routines  being  performed  by  ICE  vans  of  similar  size  and  in 
many  cases  did  not  have  sufficient  performance  or  range  to  adequately 
perform  the  assigned  duty.  Some  utilities  surveyed  reported  they  were 
unable  to  find  any  existing  vehicle  applications  which  could  bo  satis- 
factorily performed  by  the  electric  van.  One-fourth  of  Citicar  owners 
surveyed  reported  that  the  vehicle  was  not  satisfactory  for  the  applica- 
tion for  which  it  was  purchased. 
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Satisfactory  applications  of  EV*s  surveyed  tended  to  be 
those  involving  fixed  daily  routines  which  had  requirements  in  terms  of 
range,  speed,  and  acceleration  which  were  well  within  the  capabilities 
of  the  vehicle.  The  delivery  route  application  of  the  U.S.P.S.  and  he 
commuting  application  reported  by  many  of  Citicar  owners  are  primary 
examples  of  such  fixed  routines.  The  vast  majority  of  successful  appli- 
cations of  existing  EVs  tend  to  involve  daily  mileage  of  less  than  20  mi 
on  fairly  level  terrain  in  mild  climates.  However,  some  use  experience 
such  as  that  with  the  CDA  Van  and  some  of  the  Battronic  Minivans  demon- 
strate chat  EVs  can  be  capable  of  performing  more  demanding  routines. 


9.4  EFFECTS  OF  WEATHER  ON  USE 

The  most  significant  effects  of  weather  on  the  use  of  elec- 
tric vehicles  are  those  associated  with  temperature.  Ambient  tempera- 
tures above  90°F  (32°C)  often  result  in  excessive  battery  water  loss  and 
some  loss  in  efficiency.  This  is  generally  caused  by  the  overcharging 
of  batteries  which  occurs  when  they  become  too  hot  and  has,  in  some 
cases,  resulted  in  battery  explosions.  Low  ambient  temperatures  can 
result  in  significant  loss  of  range  and  efficiency.  Measurements  taken 
by  Hydro-Quebec  of  Montreal,  Canada,  showed  that  the  power  available  in 
the  vehicle  batteries  when  the  electrolyte  was  at  -5°C  (23° F)  was  only 
65%  or  about  2/3  of  that  when  the  electrolyte  was  at  20°C  (68°F).  Since 
approximately  the  same  power  input  is  required  to  charge  the  batteries 
at  either  temperature,  the  reduced  power  capacity  represents  a loss  in 
energy  efficiency  as  well  as  range  potential. 

The  effect  of  cold  weather  is  illustrated  by  the  U.S.P.S. 
experience  in  Evansville,  Indiana,  where  electric  power  consumption  per 
vehicle  mile  increased  almost  50%  in  January  over  average  warm  weather 
consumption,  and  range  was  so  diminished  that  some  vehicles  could  not 
complete  5-  or  6-mi  (8-  or  9-km)  routes.  Use  experience  and  test  mea- 
surements have  shorn  that  if  an  electric  vehicle  is  in  fairly  constant 
use  (no  stops  longer  than  2 hr.)  during  even  quite  cold  days,  the  elec- 
trolyte temperature  docs  not  drop  enough  to  significantly  degrade  per- 
formance. Therefore,  if  an  EV  is  stored  in  a heated  garage  overnight  or 
the  batteries  are  heated  to  prevent  cold  soaking,  the  EV  can  operate  in 
cold  climates  with  no  significant  loss  in  range  or  efficiency  as  in  the 
case  of  the  CDA  Van.  Passenger  compartment  heating  in  most  EVs  is  pro- 
vided by  gasoline  heaters,  so  the  vehicles  generally  consume  a few  gal- 
lons of  gasoline  per  week  as  well  as  electrical  pother  in  cold  weather. 
Inadequate  heating  of  passenger  compartments  of  EVs  was  frequently 
reported  as  a problem  by  users. 

Use  experience  indicates  that  the  heavier  EVs  generally  per- 
form better  in  snow  and  ice  conditions  than  their  IC  engine  counter- 
7arts.  This  is  attributed  to  their  greater  weight  due  to  batteries  and 
their  generally  lower  acceleration  and  speed  capabilities,  which  are 
moru  compatible  with  operation  on  snow  or  ice.  Users  of  the  lighter 
electric  vehicles  reported  some  problems  with  inclement  weather  opera- 
tion. Many  of  the  Citicar  owners  surveyed  reported  problems  and  dis- 
satisfaction with  the  way  their  vehicle  operated  in  bad  weather,  and 
30%  reported  that  they  avoid  using  Che'  vehicle  in  bad  weather. 
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9.5 


AVAILABILITY  AND  RELIABILITY 


One  of  the  primary  attributes  generally  associated  with 
electric  vehicles  is  high  reliability.  Reliability  and  durability  are 
the  factors  pointed  to  as  offsetting  the  high  initial  cost  of  EVs  by 
enabling  longer  life.  Therefore,  determination  of  reliability  experi- 
ence in  actual  use  was  a primary  objective  of  the  In-Use  Survey.  The 
data  collected  on  use  experience  with  U.S.  EVs  do  not  support  the  con- 
tention of  high  reliability  as  measured  by  failure  rates  and  repair 
costs.  Availability,  the  percentage  of  time  a vehicle  is  available  for 
use,  generally  has  been  adequate  but  not  outstanding.  However,  the 
reliability  indicated  by  the  experience  with  U.S.  EVs  should  not  be  con- 
sidered as  conclusive  in  view  of  the  developmental  nature  of  the 
vehicles  involved  and  the  limited  amount  of  use  experience.  Much  higher 
reliability  and  availability  is  indicated  by  the  U.S.P.S.  experience 
with  the  Harbilt  vans  and  longer  time  foreign  use  experience. 

9.5.1  Availability 

The  percentage  of  days  a vehicle  is  available  to  perform 
its  intended  use  - its  availability  - is  an  important  measure  of  the 
usefulness  of  the  vehicle.  Availability,  as  used  in  this  Survey,  is 
defined  as  the  percentage  of  days  on  which  a vehicle  successfully  com- 
pletes its  assigned  duty.  Fleet  operations  of  light  duty  vehicles  gen- 
erally expect  availability  to  be  98%  or  better.  Vehicles  which  break- 
down and  are  unable  to  complete  their  routes  or  trips  and  those  dead- 
lined  for  repairs  are  counted  as  unavailable.  Therefore,  availability 
is  a measure  of  both  frequency  of  failures  and  repair  time.  Unfortu- 
nately, definitive  data  on  availability  were  not  obtainable  for  most  of 
the  vehicles  surveyed  due  to  inadequate  record  keeping  or  reporting. 

The  most  detailed  and  comprehensive  records  of  vehicle  avail- 
ability obtained  were  those  supplied  by  the  U.S.P.S.  on  both  the  DJ-5E 
and  Harbilt  vehicles.  Fleet-wide  availability  for  the  DJ-5E  was 
reported  as  97%,  detail  records  from  the  two  largest  operating  sites, 

San  Bernardino  and  Torrance,  showed  monthly  availability  ranging  from 
94.2%  - 98.5%.  Consistency  of  use  and  reporting  on  the  other  major  use 
program,  the  EVC  Program,  has  not  been  sufficient  to  establish  vehicle 
availability  on  an  overall  basis.  However,  records  of  6 specific 
Battronic  Minivans  exhibit  average  availabilities  of  53%  to  98%. 

Reports  of  long  delays  in  obtaining  repairs  or  parts  by  users  of  Citicars 
and  EVA  sedans  indicate  the  availability  of  those  vehicles  has  yiot  been 
particularly  good.  In  contrast  to  the  availability  experienced  with 
these  vehicles,  the  availability  of  the  U.S.P.S.  Harbilt  vans  has  been 
in  excess  of  99%. 

9.5.2  Failure  Rates 

The  number  of  failures  experienced  as  a function  of  time 
or  usage  is  generally  referred  to  as  the  failure  rate.  In  the  case  of 
vehicles,  failure  rate  is  mqst  commonly  measured  in  terms  of  mileage. 

The  failure  rates  indicated  by  available  data  on  U.S.  vehicles  were 
nearly  ten  times  as  high  as  failure  rates  for  comparable  IC  engine  vehi- 
cles. The  high  rates  can  be  attributed  largely  to  the  developmental 
nature  of  EVs  manufactured  in  the  United  States.  Many  of  the  failures 
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can  be  expected  to  be  corrected  by  design  modifications  and  production 
improvements  which  occur  during  a vehicle’s  development  to  production 
maturity.  Seme  of  the  failures  are  also  due  to  driver  error  and  can  be 
expected  to  decrease  with  time*  As  the  result  of  correction  of  infant 
mortality  problems,  installation  of  modifications,  and  increasing  driver 
familiarity,  failure  rates  for  the  U.S.P.S.  DJ-5E  already  exhibit  a 
downtrend  which  indicates  that  the  long  term  failure  rate  will  be  less 
than  1/3  of  that  experienced  to  date. 


Although  reported  failure  rates  are  not  necessarily  repre- 
sentative of  electric  vehicle  capabilities,  they  do  reflect  current  use 
experience  with  EVs  in  the  U.S.  and  Canada.  Failure  rates  obtained 
from  users  who  could  supply  ouch  records  are  presented  graphically  by 
program  and  vehicle  model  in  Figure  9-1.  This  graph  shows  that  failures 
reported  for  vehicles  surveyed  generally  represent  rates  substantially 
in  excess  of  one  failure  per  1000  vehicle  mi,  except  for  the  U.S.P.S. 
Harbilt  vans  which  have  experienced  a rate  of  less  than  one  failure  per 
10,000  mi.  * 


9.5.3  Failure  Modes 


In  addition  to  failure  rates,  the  In-Use  Survey  attempted 
to  identify  failure  modes  of  the  in-use  vehicles  surveyed.  Failure 
mode  as  used  here  refers  to  the  component  or  element  of  the  vehicle  sys- 
tem which  actually  failed.  Determination  of  the  frequency  of  incidence 
of  failures  by  mode  is  essential  to  identification  of  components  or 
elements  which  may  be  the  culprits  responsible  for  excessive  failure 
rates,  The  two  major  use  programs  provided  adequate  records  and  a suf- 
ficiently large  data  base  for  reliable  determination  of  failure  fre- 
quency by  mode.  In  addition,  failure  modes  and  frequencies  reported  by 
respondents  to  the  mail-out  survey  of  Citicar  owners  provide  a breakdown 
of  failures  for  that  vehicle.  Relative  frequency  of  failure  modes  is 
presented  in  Table  9-5  for  the  DJ-5E,  Battronic  Minivan,  and  Citicar. 


Figure  9-1.  Failure  Rates 
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It  is  clear  from  Table  9-5  that  the  primary  failure  modes 
are  within  the  electric  drive  systems  of  these  EVs,  Vehicle  failures 
for  the  U.S.P.S.  DJ-5E  are  somewhat  under-reported  because  the  failure 
mode  analysis  is  based  on  warranty  repair  records  and  some  vehicle- 
related  failures  are  corrected  by  U.S.P.S.  mechanics.  Electric  drive 
system  failures  on  the  Battronic  Minivan  are  evenly  distributed  among 
components  except  for  the  motor.  Only  the  Citicar  shows  the  motor  as  a 
significant  failure  mode.  The  controller  is  clearly  the  primary  failure 
mode  for  the  DJ-5E  and  as  such  has  been  the  focus  of  modifications  by 
the  manufacturer.  Blown  fuses  is  the  primary  failure  mode  reported  for 
the  Citicar. 


9.5.4  Repair  Times  and  Repairability 

Reported  experience  with  in-use  electric  vehicles  indicates 
that  repair  times  are  quite  short  in  terms  of  man-hc  rs  to  make  the 
repair  but  excessive  delays  in  getting  parts  needed  to  repair  vehicles 
are  common.  The  majority  ''f  Citicar  owners  who  reported  doing  their  own 


Table  9-5.  Failure  Mode  Frequency 


Failure  Mode 

Percent 

U.S.P.S. 

DJ-5E 

of  Failures  Reported 

BfKt“onic  Citicar 

Minivan 

Electric  drive  system 

91 

63 

76 

Battery 

15 

10 

7 

Controller 

47 

10 

9 

Motor 

1 

1 

9 

Fuses 

9 

10 

41 

Charger (2) 

12 

9 

10 

Charge  Meter 

2 

12 

Converter 

— 

11 

Oth>?r 

5 

— 

Vehicle 

3 

34 

24 

Brakes 

21 

Lights 

1 

— 

Accessory  battery 

1 

3 

Other 

1 

— — 

Other  Failures 

6 

3 

— 

Driver  caused 

6 

... 

Unidentified 

3 

— 

Total 

100 

100 

100 
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repair  v/ork  seated  that  the  vehicle  is  easier  to  repair  than  XC  engine 
vehicles  but  that  parts  are  harder  to  get-  Warranty  repair  records 
indicate  that  reparis  Cor  the  DJ-5E  require  an  average  less  than  1 man-hr,  * 

yet  many  vehicles  are  Headlined  for  weeks  at  a time  awaiting  replacement 
batteries  and  in  a few  cases  awaiting  motor  or  contoller  parts.  Poor  or 
virtually  no  support  from  manufacturers  or  dealers  is  a much  coo  frequently 
encountered  complaint  of  EV  users. 

9.5.5  Battery  Performance  and  life 

Battery  performance,  primarily  In  terms  of  life,  has  been  the 
single  biggest  problem  of  use  experience  with  electric  vehicles  in  the 
U.S,  and  Canada.  All  of  the  in-use  vehicles  surveyed  are  powered  by  lead- 
acid  batteries,  the  performance  of  which  deteriorates  significantly  in 
cold  weather  if  they  are  allowed  to  cold  soak. '^Batteries  have  also  pre- 
sented problems  in  very  hot  weather.  They  tend  to  require  excessive 
amounts  of  maintenance  time  and  significant  amounts  of  distilled  water. 

In  many  case^  the  batteries  provide  insufficient  or  barely  adequate  range 
and  this  deteriorates  as  the  batteries  age.  However,  the  biggest  problem 
the  batteries  present  is  the  short  life  they  provide  for  the  cost  involved. 

Of  the  vehicles  surveyed,  only  those  involved  in  the  U.S. 

Postal  Service  Program  have  sufficient  accumulated  use  and  adequate 
records  to  define  experienced  battery  cycle  life.  The  U.S.P.S.  DJ~5Es 
have  been  experiencing  a battery  cycle  life  of  about  300  cycles.  The 
manufacturer  believes  to  have  identified  and  solved  the  problem  and 
expects  to  be  able  to  achieve  a cycle  life  of  1500  cycles  in  the  Postal 
Service  application.  However,  the  300  cycles  is  representative  of  the 
life  reported  by  most  other  users,  With  the  exception  of  the  U.S.P.S. 

Harbilt  ^ehiclas,  none  of  the  vehicles  surveyed  have  been  able  to  get 
much  over  5000  miles  out  of  a set  of  batteries.  At  the  daily  average 
mileage  of  most  EVs  this  represents  a cycle  life  of  250-300  cycles. 

Many  users  have  reported  much  shorter  battery  life.  However,  the  Har- 
bilt vehicles  offer  considerable  encouragement  as  they  have  all  accumu- 
lated more  than  10,000  mi  without  any  total  battery  replacements  (a  few 
vehicles  have  had  one  or  two  cells  replaced) . 

New  replacement  batteries  for  the  vehicles  surveyed  cost 
from  $400  to  $3000.  .This  cost  is  generally  correlated  with  the  weight 
of  the  vehicle.  Based  on  reported  experience,  battery  costs  for  all  but 
the  Harbilt  vehicle  have  been  running  about  $0.10  per  mile  ($0.06  per 
km)  for  vehicles  under  2000  lb  and  as  much  as  $0.50  to  $1.00  per  mile 
($0.31  - $0.63  per  km)  for  the  heavier  vehicles.  However,  much  of  the 
battery  replacement  cost  has  not  been  borne  by  the  user  to  date  due 
to  battery  warranties. 


9.6  COSTS 

Total  costs  or  life  cycle  costs  of  electric  vehicles  include 
initial  costs,  maintenance  costs,  battery  replacement  costs,  energy 
(electricity)  costs,  and  vehicle  ownership  costs,  i.e.,  financing, 
insurance,  and  taxes.  Estimates  of  total  costs  have  been  made  for  a 
few  of  the  use  programs  surveyed  but  uncertainties,  particularly  over 
battery  costs  and  repair  costs,  result  in  ranges  too  broad  to  be  con- 
sidered definitive.  The  difficulty  in  determination  of  vehicle  costs 
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stems  from  the  fact  that  they  are  dependent  on  determination  of  so  many 
factors,  e.g.,  vehicle  life,  battery  life,  maintenance  requirements, 
failure  rates,  energy  costs,  etc.  Battery  costs  are  the  source  of 
greatest  uncertainty  because  of  their  relative  magnitude  and  uncertainty 
as  to  battery  life.  Because  of  its  dependence  on  battery  life,  battery 
replacement  cost  is  discussed  in  the  preceding  subsection.  Battery 
Performance  and  Lift. 

9.6.1  Initial  Vehicle  Costs 

Initial  costs  or  purchase  prices  of  electric  vehicles  tend  to 
be  considerably  higher  than  those  of  comparable  IC  engine  vehicles.  This 
is  due  in  part  to  the  significant  cost  contribution  of  the  batteries  but 
primarily  to  low  volume  production,  both  of  vehicles  and  components  used 
by  vehicle  manufacturers.  For  example,  costs  for  large,  semi- industrial 
batteries  used  in  the  larger  EVs  tend  to  be  significantly  higher  per 
pound  than  the  much  higher  volume  golf  car  batteries.  However,  low 
volume  is  not  totally  responsible  for  the  relatively  high  initial  costs 
because  Che  Harbilt  vehicle  in  use  by  the  U.S.P.S.  has  an  estimated 
initial  cost  of  $9500  in  1977  dollars,  and  Harbilt  has  produced  such 
vehicles  in  quantities  of  tens  of  thousands  for  use  in  England. 

Initial  costs  of  the  vehicles  surveyed  ranged  from  $3300  to 
$10,800  in  1977  dollars  (exclusive  of  the  CDA  Van  for  which  no  price  was 
provided).  Cost  of  the  U.S.  manufactured  vehicles  was  roughly  propor- 
tional to  vehicle  curb  weight  at  a cost  per  pound  ranging  from  about 
$2.00-$3.00  ($4.40-$6.60  per  kg)  with  the  lighter  vehicles  tending  to  be 
higher  per  pound.  The  Citicar  at  $3300  is  competitive  with  subcompact 
ICE  vehicles  but  is  smaller  in  size  and  considerably  lighter  than  most 
subcompacts.  It  has  not  been  a profitable  vehicle  for  the  manufacturer 
at  that  price.  The  U.S.P.S.  had  to  pay  over  twice  as  much  for  the  DJ-5E 
(including  its  charger)  than  it  did  for  the  ICE  Jeep  at  that  time, 

$5700  versus  $2700  in  1975  dollars.  This  two-times-the-cost  of  the  ICE 
vehicle  ratio  is  generally  true  for  all  of  the  EVs  which  are  conversions 
of  ICE  vehicles. 

It  is  generally  claimed  by  manufacturers  and  proponents  that 
the  useful  life  of  electric  vehicles  will  be  proportionately  longer  than 
that  of  comparable  ICE  vehicles  to  make  up  for  the  higher  initial  cost. 
Use  experience  in  the  U.S.  and  Canada  is  insufficient  to  prove  or  dis- 
prove this  claim.  However,  the  long  term  use  of  electric  milk  floats  in 
England  indicates  this  to  be  the  case  for  mature  EVs. 

3.6.2  Maintenance  Costs 

Maintenance  costs  of  electric  vehicles  consist  of  the  same 
two  major  components  associated  with  all  vehicles;  routine  maintenance 
costs  and  repair  costs.  The  major  difference  for  EVs  relative  to  ICE 
vehicles  is  that  the  primary  component  of  routine  maintenance  consists 
of  battery  watering,  cleaning,  and  checking  rather  than  engine  tuneup. 
Electric  vehicles  are  reputed  to  have  relatively  low  maintenance  costs, 
but  this  was  not  substantiated  by  reported  experience  with  the  U.S. 
manufactured  vehicles.  Maintenance  Costs  were  high  due  to  battery 
maintenance  requirements  and  high  failure  rates. 
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Reported  routine  maintenance  costs  vary  considerably  between  vehicle 
models  and  use  programs.  This  variation  is  largely  due  to  the  fact 
that  battery  maintenance  is  the  major  component  of  routine  maintenance 
for  EVo  and  time  required  for  battery  maintenance  is  heavily  dependent  on 
the  number,  size,  and  accessibility  of  batteries.  Routine  maintenance 
requirements  in  terms  of  man-hours  per  .vehicle  per  year  are  summarized  in 
the  following  table: 


Vehicle/User 

Routine  Maintenance  Man-hours 
per  Vehicle  per  Year 

DJ-5E,  U.S.P.S. 

8 

Battronic,  EWVPP 

38-116 

CDA  Van 

48 

The  relatively  low  man-hour  requirements  for  the  DJ-5E  can 
be  attributed  to  the  vehicle's  single  unit  battery  and  ease  of  access 
and  to  some  economy  of  scale  attainable  with  larger  fleets.  These  man- 
hour requirements  represent  an  annual  cost  of  about  $100  to  $880  includ- 
ing overhead,  The  U.S.P.S,  reported  that  the  DJ-5E  required  an  average 
of  30  gal  of  distilled  water  per  vehicle  per  year,  representing  a cost 
of  about  $15,  Other  owners  reported  higher  water  consumption  but  defin- 
itive records  were  not  available. 

Repair  costs  for  U.S.  EVs  have  been  high  due  to  excessively  high  fail- 
ure rates  and  high  part  costs.  Individual  failures  do  not  generally 
require  significant  man-hours  for  repair.  However,  failure  rates  have 
been  so  high  and  parts  so  expensive  that  total  annual  repair  costs  have 
been  substantial.  The  best  available  estimates  of  annual  maintenance 
costs  per  vehicle  experienced  to  date  are  summarized  in  the  following 
table: 


Vehicle/User 

Routine  Maintenance 

Repair 

Total 

Harbilt /U.S.P.S 

NA 

NA 

$ 80 

DJ-5E/U.S.P.S. 

$100 

$350 

$450 

Battronic /EWVPP 

$400-1200 

$150 

$550-1350 

Mats  II/Pennsylvania  P&L 

NA 

N£ 

$790 

EVE  Islanders/Sea  Pines 
Resort 

NA 

NA 

$310 

The  above  costs  reflect  the  high  failure  rates  of  the  imma- 
ture U.S,  vehicles  and  can  therefore  be  expected  to  decrease  with  lon- 
ger term  experience.  Although  maintenance  costs  for  in-use  EVs  in  the 
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U.S.  and  Canada  have  generally  been  much  higher  chan  Chose  for  comparable 
ICE  vehicles,  which  average  about  $200  per  year,  the  U.S.P.S.  experience 
with  the  Harbilt  vans  is  evidence  chat  EVs  can  have  lower  maintenance 
costs  than  ICE  vehicles. 

9,6.3  Energy  Costs 

Energy  costs  constitute  a relatively  small  portion  of  the 
total  annual  costs  or  per  mile  costs  of  electric  vehicles.  This  is  due 
to  the  high  initial  costs  and  battery  costs  which  must  be  ammortized 
over  Che  life  of  the  vehicle.  The  energy  costs  in  all  reported  cases 
amounted  to  less  than  10%  of  the  total  cost  and  in  many  to  less  than  5% 
of  total.  Energy  costs  vary  with  electric  power  consumption  per  mile 
and  electric  power  rates.  Consumption  per  mile  varies  with  the  vehicle, 
in  rough  proportion  to  weight,  and  with  the  driving  routine.  Electrical 
rates  vary  with  the  location  and  classification  of  the  user,  e.g., 
residential,  commercial,  etc.  Reported  electric  rates  paid  by  users 
have  ranged  from  $0.01  to  $0. 05/kWh. 

Despite  the  •.  latively  small  significance  of  energy  costs  to 
total  costs  for  EVs,  energy  consumption  has  received  a great  deal  of 
attention  from  EV  users.  It  is  the  single  factor  most  commonly  moni- 
tored and  scrupulously  recorded.  Users  who  teem  to  have  no  record  of 
battery  or  maintenance  costs  report  energy  consumption  or  costs  in 
rigorous  detail.  Reported  energy  consumption  is  plotted  versus  vehicle 
curbweight  in  Figure  9-2.  Using  an  average  energy  cost  of  $0. 03/kWh 
and  the  consumption  rate  of  0.3  kWh/mi/1000  7.b  (0.4  kWh/kra/kg)  suggested 
by  Figure  9-2  gives  an  average  energy  cost  of  $0.009/mi/1000  lb 
($0. 012/km/kg)  or  about  lc/mi  for  each  1000  lb  of  vehicle  weight. 

This  would  result  in  a range  for  energy  costs  of  $0.01  to  $0.06/mi 
($0,006  to  $0. 038/km)  or  $30  to  $180/yr,  which  compares  reasonably  well 
with  actual  reported  energy  costs. 

Energy  consumption  rates  of  electric  vehicles,  and  therefore 
range,  are  very  sensitive  to  driving  cycle  or  routine.  Those  routines 
involving  more  stop-starts  per  mile  or  higher  cruising  speeds  result  in 
higher  consumption  per  mile.  In  addition  to  the  routine,  consumption 
rates  of  EVs  also  are  very  sensitive  to  driving  style.  John  Hoke  demon- 
strated this  by  driving  his  Citicar  in  both  heavy-footed  and  conserva- 
tive modes  (over  the  same  route)  and  obtained  consumption  rates  of 
0.42  kWh/mi  (0.26  kWh/km)  for  the  heavy-footed  mode  and  0.28  kWh/mi 
(0.17  kWh/km)  for  the  conservative  mode.  U.S.  Postal  Service  personnel 
report  chat  heavy-footed  delivery  drivers  can  substantially  diminish 
vehicle  range  from  that  demonstrated  in  tests.  This  sensitivity  to 
driving  mode  is  due  to  the  fact  chat  EVs  achieve  maximum  efficiency  only 
when  full  advantage  is  taken  of  the  fact  they  do  not  consume  energy  when 
coasting.  No  use  of  this  mode  is  made  by  drivers  who  only  alternate 
between  accelerator  and  brake. 
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ENERGY  CONSUMPTION,  KWtyU 


Figure  9-2.  Energy  Consumption  vs  Vehicle  Weight 
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APPENDIX 


QUESTIONNAIRE  FORMS 
AND 

CONTACTED  ORGANIZATIONS  AND  PERSONS 


ELECTRIC  VEHICLE  IN-USE  SURVEY  DATA  SHEET 
APPLICATION  AND  USE  EXPERIENCE 


APPLICATION 


• Operator 
Address 
Phone 


« Owner/Sponsor 
• Number  of  vehicles 


• Type  of  use 


• Time  In  service  (use) 


• Mileage  per  vehicle 


• Dally  routine 
No.  In  dally  use 

Route  characteristics 
Running  speed  (mph) 

Length  of  route  (miles) 

» Stops  per  mile 

Locality  (urban,  etc.) 

Terrain  (type  or 
gradients) 


Total  fleet 
yrs. 


mos. 


Latest  vehicles 

yrs.  mos. 


Maximum 


Dally  mileage  per  vehicle 


Average 


Maximum 


Minimum 


APPLICATION  (Continued) 


• Dally  average  temperature 
Summer 

Winter 

© Are  vehicles  operated  In: 


• Comments  on  Inclement 
weather  operation 


• General  remarks  on 
vehicle  application 


Mean  Maximum  Minimum 


OPERATING  AND  MAINTENANCE  STRATEGY 


© Normal  depth  of  discharge 

• Recharge  procedure 
(schedule,  charge  rate, 
etc.) 


© Routine  maintenance 

(schedule,  elements,  etc.) 


• Battery  replacement 
practice 


• Special  facilities, 
strategies,  or  comments 
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RELIABILITY 


® Percent  avail ability 

©Kean  time  (or  mileage) 
between  failures 


• Primary  failure  modes 


• Mean  time  to  restore  to 
service 

* Repair  problems  or 
delays 


• Battery  life 


• General  problem  areas  or 
comments 


Cycles 


Time 


COSTS 


• Cost  of  replacement 
batteries 


Electric  power  system 
Total  vehicle 

• Energy  consumption 

• Electric  power  rate 
Estimated  life  cycle  cost 

• Comments 


Per  year 


kw-hr/mlle 

cents/kw-hr 

ELECTRIC  VEHICLE  IN-USE 
VEHICLE  DESCRIPTION 


SURVEY  DATA  SHEET 
AND  PERFORMANCE 


BASIC  VEHICLE  DESCRIPTION 


• Type  of  Vehicle  ; 

• Manufacturer  *)  : 

• Purchase  price  : 

• Date  of  Purchase  : 

• Dimensions  (Inches): 

• Weights  (pounds)  : 

® Traction  Batteries: 


• Power  Source  far  : 
accessories 

• Accessories  : 

• Battery  Charger  : 


Wheel  base 


Length 


Width 


Height 


Curb  Weight 


Payload 


Manufacturer 


Yoltage  (total) 


No,  of  batteries 


Weight  (total) 


Model 


Ampere-hours 
at  2 hours 
discharge  rate 


Manufacturer 


Model 
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BASIC  VEHICLE  DESCRIPTION  (Continued) 


• Motor (s) 


• Controller 
•Transmission 
•Tlre.s 

• Brakes 

• Safety  Equipment 
♦Special  Characteristics 


Manufacturer 

Model 

Type 

hp 

No,  of  Motors 

kw 

Speed 

Type 

Size 

Primary  System 

Dynamlc/Rsgeneratlve  System 

Compliance  with  Federal  Safety  Standards 

*If  a conversion;  give  both  chasls  manufacturer  and  rebuilder. 
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JET  PROPULSION  LABORATORY  California  Institute  of  Technology  » 4800  Oak  Crave  Drive,  Pasadena,  California  91103 


Congress  passed  a bill  titled  "Electric  and  Hybrid  Vehicle 
Research,  Development,  and  Demonstration  Act  of  1976".  This  bill 
authorized  the  Energy  Research  and  Development  Administration 
(ERDA)  to  conduct  a Federal  program  of  research,  development,  and 
demonstration  designed  to  promote  electric  vehicle  technologies 
and  to  demonstrate  the  commercial  feasibility  of  electric  vehicles. 

California  Institute  of  Technology’s  Jet  Propulsion  Laboratory 
(JPL)  Is  supporting  ERDA  by  conducting  an  electric  vehicle  assessment 
program.  By  completing  the  enclosed  questionnaire  you  will  help  us 
determine  the  reliability,  serviceability,  and  performance  of  electric 
vehicles  now  in  use.  The  results  of  this  survey  will  be  used  for  a 
Congressional  report  as  required  by  the  Act.  If  you  no  longer  have 
the  vehicle,  we  would  still  like  you  to  complete  the  form  which 
includes  space  for  the  present  whereabouts  of  the  vehicle. 

As  a non-profit  research  center  involved  in  advanced  technology 
and  space  research  projects,  JPL  has  no  affiliation  with  any  electric 
car  manufacturers  or  suppliers.  All  replies  will  be  held  In  strict 
confidence  so  you  can  feel  free  to  comment  frankly  when  answering  the 
questions. 

The  results  of  the  survey  will  be  public  Information  and  will  not 
Include  the  Identification  of  any  individuals  participating  In  the 
survey.  If  you  would  Tike  to  have  a summary  of  the  survey  results, 
please  fill  In  the  enclosed  card. 

Your  assistance  In  this  Important  work  Is  greatly  appreciated  and 
will  help  In  development  of  new  and  better  electric  cars. 

Sincerely, 


Joel  Sandberg  v 

■ Task  Manager,  In-Use  Survey 
Electric  and  Hybrid  Vehicle  Program 


Telephone  354-4321 


Telex  675421 


Twx  910-588-3294 


ERDA  ELECTRIC  VEHICLE  SURVEY 


PLEASE  ANSWER  ALL  QUESTIONS.  Pat  an  "x"  in  the  blanks  or  write  in  space  provided. 
(Note:  Numbers  in  blue  should  be  disregarded.) 

1.  Do  you  still  own  and  operate  an  electric  vehicle?  Yes No 

a.  If  No,  have  you  sold  the  vehicle?  Yes No 

If  Yes,  please  fill  in  name  of  new  owner,  if  known. 

Name  . 

Address  _____ 

City  ______ State  Zip  

b.  If  No,  and  vehicle  is  inoperative?  Explain  . 


2.  Make  of  car: 

Sebring-Vangard  Citicar 

_____  Elcar 

_____  Homebuilt/ Conversion 

3.  If  Citicar, 

Horse  power? 

2.5 

3.5 

6 

4.  When  did  you  get  your  car?  Month  Year  

5.  Did  you  have  to  wait  for  delivery  after  ordering?  Yes  No 

a.  If  Yes,  how  many  weeks?  

6.  Present  odometer  (speedometer)  reading?  miles 

7.  How  often  do  you  use  your  car? 

Almost  every  day  Weekends 

_____  Mostly  on  work  days  Occasionally 
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Other;  Explain 


Type  of  side  windows? 

Sliding 

Snap-on 


ERDA  ELECTRIC  VEHICLE  SURVEY  CCONT) 


8.  Average  number  of  miles  driven  each  day? 


Miles 


9.  Check  normal  usee  of  your  car.  (Check  as  many  blanks  as  applicable) 

Commuting  co  work  Pleasure 

All-purpose  vehicle  Business  (deliveries  or  ocher) 

Shopping  and  errands 


10.  Do  you  charge  the  bacteries  during  che  day? 

(for  example,  do  you  plug  it  in  ae  work)?  Yes  No 

11.  How  far  was^che^ longest  single  crip  you  have  made  in  Che  car? 

12.  How  often  do  you  usually  charge  che  bacteries? 

— More  than  once  a day 

___  Every  day 

Less  chan  every  day 

13*  Estimated  number  of  charges  per  week 

14.  What  is  che  estimated  time  for  each  charge?  hours 

15.  How  far  do  you  usually  travel  between  charges? 


Summer 

Spring-Fall 

Winter 


miles 

miles 

miles 


16.  Were  you  ever  unable  to  complete  a planned  crip?  Yes 

17.  If  yes,  how  many  times?  Explain 


ERDA  ELECTRIC  VEHICLE  SURVEY  CCONT) 

18.  Have  you  ever  noticed  a lad:  of  power  when  operating  at  the  listed 
outside  temperatures? 

Yes  No 

Below  32°F 

33°F  to  50°F 

51°F  to  70°F 

19.  Do  you  keep  your  car  in  a garage,  or  heat  it  before  use  in  cold 

weather?  Yes No  __ 

20.  Has  your  car  been  unusable  for  more  than  three  days  at  any  one  time? 

Yes  No  _ 

If  Yes,  how  many  times?  Why? 

No  service  Weather 

Couldn’t  get  parts  Ocher,  Explain 


Yes 


No 


71°F  to  90°F 
Over  90 °F 


21,  Does  bad  weather  stop  you  from  using  your  car?  Yes  No 

22.  Have  you  had  to  replace  any  batteries?  Yes  No  , If  Yes, 


Power  Batteries 


Lighting  Batteries 


Both 


23.  If  Yes  for  power  batteries,  indicate  all  replacements  if  possible. 


Under  factory  warranty 
Number  of  times 


Number  of  batteries, 
if  known 


Car  mileage  when 
replaced 


After  warranty 

Number  of  times 

Number  of  batteries  each 
time 


Batteries 

Batteries 

Batteries 

Batteries 


Miles 

Miles 

Miles 

Miles 
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ERDA  ELECTRIC  VEHICLE  SURVEY  (CONT) 

2\.  Check  any  electromechanical  problems  other  than  batteries. 
No.  of  times  Mileage,  if  known 

__________________  Fuses 

__ _____________  Controller 

_________________  Motor 

Charger 

• Brakes 

•••••-••  • ' Body 

Other 

If  other,  describe  

25.  Is  your  electric  car  your  only  transportation?  Yes  No 

26.  Bo  you  have  any  way  to  figure  the  cost  per  mile  of  your  car? 

Yes  No  

27.  If  Yes,  give  cost  per  mile  c arid  describe  how  you 

calculated  this  figure  


28.  Do  you  use  your  car  under  Che  following  listed  weather  conditions? 


Rain 

Yes 

No 

Over ,90°F 

Yes  

No 

Ice 

Yes  _ 

No  

Below  32 °F 

Yes  

No 

Snow 

Yes 

No 

29.  If  No  to  any  of  number  28,  Explain: 
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ERDA  ELECTRIC  VEHICLE  SURVEY  CCONT) 


30.  Do  you  do  your  own  major  maintenance?  Yes  No  

31.  If  Yes,  how  does  the  work  compare  to  conventional  cars  and  are 
parts  hard  to  get? 

Less  Work  Parts  easier  to  buy 

About  the  same  About  the  same 

More  work  Parts  harder  to  buy 

32.  Does  your  electric  car  meet  your  needs?  Yes  No  , Explain 


33.  List  changes  or  improvements  needed  for  electric  cars. 


34.  If  these  changes  and  improvements  were  made,  would  you  buy  another 

electric  car?  Yes  No  

35.  Primary  driver:  Male  Female  

36.  Check  age  group  of  primary  driver: 

Under  25  25-40  41-55  Over  55 

37.  Where  do  you  live? 

State  

City  or  Town  Zip  _____ _ 

38.  Check  driving  area(s) : 

City  Suburbs  Rural 

NOTICE:  PLEASE  DO  NOT  PUT  YOU  NAME  ON  THIS  SURVEY.  IF  YOU  WOULD  LIKE 

A COPY  OF  THE  SURVEY  RESULTS,  PLEASE  COMPLETE  THE  ENCLOSED  FORM. 
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•LECTRIC  VEHICLE  IN-USE  SURVEY  DATA  SHEET 
APPLICATION  AND  USE  EXPERIENCE 
OF  THE  BATTRONIC  MINIVAN 


PLEASE  FILL  OUT  ONE 
DATA  SHEET  (5  PAGES) 
FOR  EACH  MINIVAN 


Rattronlc 
Minivan  No. 


• OWNER  AND  ADDRESS 


• CONTACTPERSQN, 
DEPARTMENT,  TITLE 
AND  PHONE 


• TOTAL  MILEAGE  TO  DATE 


• REGULAR  USE 


miles 


The  minivan  has  been  or  Is  presently  assigned  to  regular  use 
within  the  organization  (l.e.  assigned  to  a single  department 
and  used  for  a specific  task  with  a dally  routine) 

Yes  □ NoO  tf  no  skip  to  “•MAINTENANCE'*  on  page  2 


How  many  types  of  regular  use  (various  user 
departments  and/or  tasks)  has  the  minivan 
been  assigned  to? 


For  each  type  of  regular  use,  listing  the  most  extensive  use 
first  (most  mileage),  please  Indicate: 


Mileage  User  Department  Type  of  use 


U1 

U2 

FI 
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o REGULAR  USE  For  each  of  the  two  most  extensive  types  of  assignment  to 

(continued)  regular  use  (most  mileage)*  please  Indicate  (excluding 

downtime  etc.  related  to  the  recall  and  replacement  of  the 
front  axel): 


TYPE  U. 


Total  or 
kwh  used 

Locality 

Terrain 
(type  or 


average 

(urban,  etc) 
gradients) 


kwh 


or 


kwh /ml 


kwh 

or  i kwh/ml 

1 

~ 

Dally  mileage 
(Length  of  route) 

Stops  per  mile 


Running  speed 


Average 


Maximum  Minimum 


No.  of  failures 

Total  downtime 
Because  of 
failures  & repairs 

Maximum  downtime 
per  failure 

Minimum  downtime 
per  failure 

Oowntlme 

waiting  for  parts 

Repair  costs 
(parts  & labor) 

• MAINTENANCE 


Mechanical  Electrical 


work- 

work- 

days 

days 

work- 

work- 

days 

days 

hours 

hours 

work- 

j work- 

days 

1 days 

$ 

$ 

Mechanical  Electrlca 


work- 

work- 

days 

days 

work- 

1 work- 

days 

days 

hours 

hours 

work- 

work- 

days 

days 

S 

If  a "routine  maintenance  schedule"  Is  available  please  attach  It. 
If  not,  please  describe  your  maintenance  practice  (on  batteries, 
controller,  motor,  etc.)  In  terms  of  frequency,  element  and  action: 
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A- IS 


HD"U 


time  FRAME  I 


inttfca&^c^  0f  the  m1n1van 

in  the  Legend  oP„^W^\n?A^»^«.r.  listed 


U: 


N: 


Oj 


LEGEND 


week  of  purchase 
Week  of  delivery 
week(s)  of  initial 
testing/prepara- 
tion 

weeks  of  assignin' 
to  regular  use 
within  the  organi- 
zation, (Use 
different  subi- 
scrlpts  for  various 
types  of  use  * 

ur’u2*  u3 
weeks  of  downtime 
because  of  axe? 
recall  and  re- 
placement 
weeks  of  assign- 
ment to  other 
organizations 


JAN  1975  [ 


FEB 


MAR 


J_  APR 


MAY 


JUNE 


1 *2!M I AUG 

nr 


0 TIME  FRAME  II  Indicate  week  of  occurance  for  each  failure  In  the  Calendar 

below;  using  the  relevant  letters  (failure  elements)  listed 
In  the  legend  on  the  left  side  of  this  page. 


Elec.  Elements 


SEPT 


OCT 


NOV 


Fuse 

Fuel  gauge 
Converter 

Controller  . , 

Charger,  internal  | JAN  1975  | FEB  1 

Charger,  externaTp“’ — • — 4 — r — 1 — 1 — 
Main  Battery 
Aux.  Battery 
Motor 


DEC 


MAR 


APR 


MAY 


JUNE 


u (jin 


JULY 


AUG 


• REASON  FOR 
LIMITED  USE 


• NO.  OF  DRIVERS 

• IS  THE  MINIVAN 
OPERATED  IN 

• PREVIOUS  EXPERIENCE 


If  any  of  the  three  situations  listed  below  apply  to  your 
user  experience,  please  Indicate  which  one,  and  the  reason  why: 


The  Minivan  has  never  been  assigned  to  regular  use 

The  Minivan  las-bean.  .taken  permanently  out  of  regular  use 

The  Minivan  has  not  been  assigned  until  recently  (within 
the  last  year)  to  regular  use 


□ 

□ 

□ 


Reason: 

Total: 

and/or  during  various 
types  of  regular  use 

“l* 

V 

eii 

Rain?: 

Snow  or  Ice?: 

Have  you  had  other  Electric  Vehicles  In  your  fleet  before 
the  minivan,  and  within  the  last  few  years? 

No  □ Yes  □ If  yes,  how  many?  1-  1 

• BATTERY  LIFE 


• RECHARGE 
PROCEDURE 


• GENERAL 
REMARKS 


1st 

2nd 

3rd 

4th 

5th 


Date  of 
Failure 


Repair/Replacement 
('e.g.  no  of  cells. 


Mileage  or  cycles 
between  failures 


Repair/ 

Replacement 


miles/ 

cycles 

$ 

miles/ 

cycles 

$ 

miles/ 

cycles 

— — — 

$ 

miles/ 

cycles 

$ 

miles/ 

cycles 

is 

Using  the  on-board  charger? 
or  a separate  charger? 


□ 

□ 


Indoor  charging?  □ 
or  outdoor  charging?  □ 
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In-Use  Survey  of  Electric  Vehicles 
Organizations  and  Persons  Contacted 


Manufacturers 


DJ-5E  Users 


*Denotes  Site  Visit 


*. 


*. 


*. 


*. 


*. 


* 


* 


* 


A.M.  General 
Wayne,  Michigan 

Mark  Obert 

B.  & Z.  Electric  Car 
Long  Beach,  Calif. 

Robert  McCoy 

Battronic  Truck  Corp. 
Boyertown,  Penn. 

Robert  H.  Dare 
Harry  D.  Yoder 

Borisoff  Engineering  Co. 
Van  Nuys,  California 

Bob  Borisoff 

Elcar  Corporation 
Elkhart,  Indiana 

Guy  Stancati 
Robert  L.  Culver 

Electric  Fuel  Propulsion 
Troy,  Michigan 

Robert  R.  Aronson 

Electric  Vehicle  Assoc. 
Brook  Park,  Ohio 

Warren  C.  Harhay 

Electric  Vehicle  Eng. 
Bedford,  Mass. 

Wayne  Goldman 

Gould,  Inc. 

Rolling  Meadows,  111. 
Colton,  Calif. 
Torrance,  Calif. 

John  Me Clung 
Clint  Christianson 
Gary  Christianson 
Fred  Harden 

Sebring-Vanguard,  Inc. 
Columbia,  Maryland 

Robert  Stone 
Robert  Beaumont 

U.S.  Postal  Service 
Office  of  Fleet  Management 
Washington,  D.C. 

Donn  Crane 
Dick  Bowman 

San  Bernardino  VMF 
San  Bernardino,  Calif. 

C.  Sandoval 
Mike  Berber 

Evansville  Post  Office 
& VMF 

Evansville,  Indiana 

Jim  Guard 
Lou  Gaiser 

Torrance  Post  Office 
& VMF 

Torrance,  Calif. 

George  Hicks 

American  Telephone  & 
Telegraph  Co. 
Basking  Ridge,  N.J, 

John  MacDougal 
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Harbilt  Van 
Users 


U.S.  Postal  Service 
Cupertino,  Calif. 


John  Garcia 
Richard  Besena 
Tom  Martin 


*. 


Battronic  Minivan  . 
Users 

Alabama  Power  Co. 
Birmingham,  Ala. 

Greg  Reardon 

• 

Arizona  Publ.  Service  Co. 
Phoenix,  Arizona 

Ed  Zumach 

• 

Atlantic  City  Electric  Co. 
Atlantic  City,  N.J. 

Ken  Ale 

• 

Carolina  Power  & Light  Co. 
Raleigh,  N.C. 

George  Crawder 

*. 

Central  Provincial  Garage 
Department  of  Public  Works 
Winnipeg,  Manitoba,  Canada 
(Also  an  ”EVA  Sedan-User”) 

William  Carmichael 

« 

Consolidated  Edison  Co. 
Astoria,  N.Y. 

Edward  Hansen 

• 

Georgia  Power  Co. 
Atlanta,  Georgia 

H.A.  Hanson 

• 

Gulf  States  Utilites 
Beaumont,  Texas 

Peter  H.  Carney 

• 

Hydro-Quebec 
Montreal,  Quebec 

Jacques  H.  Beaudet 

• 

Iowa  Power  & Light 
Des  Moines,  Iowa 

Don  Pardee 

• 

Lead  Industries  Association 
New  York  City,  N.Y. 

Connel  A.  Baker,  Jr, 

, *. 

Massachusetts  Electric  Co. 
Worcester,  Mass. 

Norman  Wilson 

• 

Minnesota  Power  & Light  Co. 
Deluth,  Minn. 

William  Maas 

*• 

New  England  Electric  System 
Westboro,  Mass. 

Dean  L.  Gardner 

• 

New  Orleans  Publ.  Service 
New  Orleans,  Louisiana 

Aaron  M.  Pitre 
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Battronic  Minivan  . 
Users  (Cont.) 

Niagara  Mohawk  Power  Co. 
Liverpool,  N.Y. 

Mr.  Lyons 

• 

Northern  Indiana  Power 
Gary,  Indiana 

John  J.  Hart 

Omaha  Public  Power  District 
Omaha,  Nebraska 

Robert  D.  Rase 
Vern  L.  Capalite 

Pacific  Power  & Light  Co. 
Portland,  Oregon 

Glenn  Garfield 

• 

Pennsylvania  Power  & Light 
Allentown,  Penn. 

(Also  a "Mars  Il-User”) 

Richard  Hamsher 
Norman  Heckel,  Jr. 
A1  Nease 
Art  Van  Horn 

• 

Portland  General  Electric 
Co. 

Bill  Ferguson 

• 

Public  Service  Co.  of 

Oklahoma 

Tulsa,  Oklahoma 

Don  Ezzell 

* 

Public  Service  Electric 
6 Gas 

Newark,  N.J. 

Peter  Lewis 
John  Zemkoski 

• 

Puget  Sound  Power  and  Light 
Bellevue,  Wash. 

David  C.  Bernauer 

• 

Sacramento  Municipal  Utility 
District 

Mr.  Sperry 

*. 

Southern  California  Edison 
Huntington  Park,  Calif. 

David  L.  Harbaugh 
Jeff  Arias 

• 

Texas  Power  & Light  Co. 
Dallas,  Texas 

Garry  Caffey 

■ 

Union  Electric  Co. 
St.  Louis,  Missouri 

Charles  Grandy 

t 

United  Illuminating  Co. 

George  W.  Lundquist 

New  Haven,  Conn. 

. Utah  Power  & Light  Co. 
Salt  Lake  City,  Utah 
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Battronic  Minivan 
Users  (Cont:*) 


City  Car  User 
Elcar  User 


EVA  Sedan  User 

Islander  User 
Mars  II  User 

Transformer  I 
User 

Homefyiilt  Users 
Other  Contracts 


• Washington  Water  Power  Co. 
Spokane,  Wash. 

• Wisconsin  Electric  Power  Co. 
Milwaukee,  Wise. 

. Wisconsin  Publ.  Service  Corp. 
Green  Bay,  Wise. 

. Nat'l  Park  Service 
Washington,  D.C, 

• Salt  River  Project 
Phoeniz,  Arizona 

• Creative  Automotive  Research 
Whittier,  Calif. 

*•  Central  Parking  District 
Stockton,  Calif. 

*.  Fermi  Natfl  Accelerator  Lab. 
Batavia,  Illinois 

*•  Central  Provincial  Garage 
Dept,  of  Public  Water 
Winnipeg,  Manitoba,  Canada 
(Also  a "Battronic  Minivan 
User”) 

. Sea  Pines  Plantation 
Hilton  Head  Island,  S.C. 


. Pennsylvania  Power  & Light 
Allentown,  Penn. 

(Also  a "Battronic  Minivan 
User") 

'.  Manitoba  Hydro 

Winnipeg,  Manitoba,  Canada 

. Electric  Auto  Association 
Belmont,  Calif. 


Dept,  of  Industry,  Trade 
and  Commerce,  Canadian 
Government 

Ottawa,  Ontario,  Canada 


Jan  N.  Wendle 


Mr.  Hardy 


John  E.  Ruppenthal 


John  Hoke 


Mr.  Payne 


Erwin  Ulbrich 


Edmund  S . Coy 


Bill  Williams 
Ron  Currier 

William  Carmichael 


John  Ehlers 
Mr.  Calvin 
Russel  Johnson 

Richard  Hamsher 
A1  Nease 

Norman  Heckel,  Jr. 


D.F.  (Doug)  Whalley 


John  Newell 
Bill  Palmer 
Paul  Howes 
Walter  Laski 

F.G.  Johnson 
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Other  Contracts  *.  Electric  Vehicle  Council 

Edison  Electric  Institute 
New  York,  N.Y. 

*.  Electric  Vehicle  News 
Westport,  Connecticut 


. J.D.  Power  & Associates 
Los  Angeles,  California 


. Transportation  Development 
Agency,  Canadian  Government 
Montreal,  Quebec,  Canada 


. Electric  Council  of 
New  England 
Bedford,  Mass. 


Ed  Campbell 

G.  Rogers  Porter 
J.D.  Power  III 
E.  Erdelyi 

Roy  C.  Hill,  Jr. 
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